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Abstract 
 
It is known that, in addition to corrosion processes, the electrochemical noise (EN) can be 
generated by some other disturbances such as mass transfer and flow turbulence. In this 
study the influence of both laminar and turbulent flow on the characteristics of 
electrochemical noise (EN) has been studied using a carbon steel rotating cylinder 
electrode (RCE) in aerated neutral (pH=7) 0.1 M NaCl and 0.1 M NaCl+0.1 M NaNO2 
solutions. The RCE has a set of four graphite brushes for electrical connection. The 
supplied cathodic current was applied through the top two graphite brushes and measured 
the specimen potential through the bottom two to eliminate any expected cyclic variations 
in the measured potential. 
Prior to the measurement of EN, calibration of the mass transport properties of the 
electrode was performed by measuring the limiting current density for oxygen reduction 
as a function of rotation speed in order to estimate the transition from laminar to turbulent 
flow regime. EN experiments have been performed in free corrosion conditions 
(uninhibited and inhibited solutions), and with applied cathodic polarisation in the 
regions of hydrogen evolution and oxygen reduction processes.  
In the case of oxygen reduction and hydrogen evolution cathodic reactions it has been 
found that laminar flow had a negligible effect on the noise produced but a significant 
increase in the amplitude of the noise was observed in turbulent flow. On the other hand 
in free corrosion conditions in uninhibited solution the influence of flow was relatively 
insignificant and that was attributed to the low impedance of the corroding electrode. It is 
claimed that flow has a negligible effect in inhibited solutions due to the passivity of the 
system, which is responsible for the low rate of both anodic and cathodic reactions.        
Finally spectral analysis showed that the noise produced by turbulent flow had power at 
significantly higher frequencies than is normal for corrosion-related noise. 
 
Keywords: electrochemical noise, flow, steel, sodium chloride solution. 
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1. Introduction 
Fluid flow over a surface undergoing corrosion can significantly influence the corrosion 
processes. The Lack of information on how the fluid flow affects the electrochemical 
characteristics has led over recent years to a growing interest in investigating the effect of 
different types of electrolyte movement on the measured electrochemical noise (EN). 
Previous work has shown that variations in flow can have a noticeable influence on the 
measured EN parameters [1]. This research project has been qualitative in nature, and has 
recording a marked increase in EN when a peristaltic pump was switched on, with a 
periodicity to the noise that was consistent with the pulsation frequency of the pump. 
Legat [2] pointed out that the measured EN in a stagnant solution contained low-frequency 
fluctuations of potential and current, while in the presence of fluid flow the measured EN 
had a high-frequency component. Legat claimed that the difference may be attributed to the 
difference in the corrosion processes, therefore the direct influence of flow on the measured 
EN was considered to be insignificant. From the few studies that have been performed 
under different flow conditions, it is clear that an additional source of fluctuations of 
potential and current could be generated by stirring the solution [3-5]. 
It is well known that the corrosion attack in flow-enhanced corrosion systems is not 
uniform but localized [6]. Therefore, EN appears a suitable method for investigating the 
influence of the flow. However, in such conditions the measured EN data that is collected 
must consider the characteristics of the movement of the fluid in addition to other corrosion 
processes. 
In this study, the rotating cylinder electrode (RCE) has been used to investigate the effect of 
flow on EN generation. The RCE is considered to be a good tool to simulate field geometry 
and provide a better understanding of corrosion, corrosion inhibition and mass transfer 
processes that are associated with turbulent flow conditions [7, 8]. The selection of the RCE 
is based on such attributes as generating a turbulent flow regime at very low Reynolds 
numbers and the relatively small amount of test solution required. 
To avoid rapid damage to the specimen by corrosion, many of the measurements have been 
made with an applied cathodic current, so that the noise generation process is 
predominantly hydrogen evolution or mass-transport limited oxygen reduction. The flow 
    Chapter 1: Introduction 
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velocity is a very important variable that affects the corrosion behaviour of both passivating 
and actively corroding metals. When surface films are present, flow plays the role of 
removing these protective layers either by dissolution (mass-transfer control) or by 
mechanical erosion [9, 10].  
The last part of this work was performed in free corrosion with and without inhibitor in the 
solution in order to evaluate the influence of flowing conditions on the measured EN. 
Using of a faster data acquisition system has allowed the EN to be studied at frequencies up 
to 500 Hz. In order to achieve a better resolution a simple voltage offset circuit was used to 
offset the measured potential close to zero.  
Analysis of EN data have been performed in both the time and frequency domains. The 
power spectra of the measured signals were obtained using Welch algorithm [11] (an FFT-
based method). After they had been used under different conditions, the specimens were 
examined using optical microscope to investigate the surface morphology. 
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2. Literature review 
2.1. Carbon steel 
Carbon steel (C-steel) is approximately 85% of annual steel production worldwide and is 
considered to be the most widely used of all engineering materials. Despite its relatively 
low resistance to corrosion, C-steel is widely used in many applications. C-steel is a 
combination of mainly iron and carbon with other elements in too small a proportion to 
affect its properties. With low carbon content it has the much the same properties as iron, 
soft and easily formed. As the carbon content increases the metal becomes harder and 
stronger but less ductile. Following are some typical proportions of carbon in steel:  
• Mild (low carbon) steel: 0.05 to 0.26% (AISI 1018 steel), 
• Medium carbon steel: 0.29 to 0.54% (AISI 1040 steel), 
• High carbon steel: 0.55 to 0.95%, and 
• Very high carbon steel: 0.96 to 2.1%. 
 
2.2. Carbon steel pipeline applications 
This thesis limits itself to C-steel pipelines which are widely used in all kinds of power 
plants (fossil fuel, nuclear, oil, gas); transportation; chemical and metal processing; mining, 
construction etc. The thesis is particularly interested in the use of C-steel pipelines in the oil 
and gas industry. For example, pipelines used to inject water into oil wells for the purpose 
of enhanced oil recovery (EOR) and for reservoir pressure maintenance applications. 
Offshore production uses long lengths of C-steel pipelines to transport multiphase 
oil/water/gas mixtures from the well to the platform. 
 
2.3. Carbon steel corrosion 
C-steels and many other metals and their alloys suffer from severe pitting in environments 
containing chloride ions [12, 13]. The corrosion of C-steel in the atmosphere is due to an 
adsorbed film of water which, while very thin, is sufficient for corrosion to proceed.  In 
offshore applications higher water cuts, increased CO2 concentrations and, sometimes, 
higher temperatures have led to severe internal corrosion of C-steel pipes.  
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2.4. Sodium nitrite as a corrosion inhibitor for mild steel  
It was concluded by Cohen and co-workers [14, 15] that the function of nitrite is to sustain 
the oxide film that formed by the reaction of dissolved oxygen with steel surface. Also they 
claimed that during this process of inhibition at the metal surface, the nitrite ion (NO2-) is 
reduced to form some products such as nitrogen (N2), ammonia (NH3), ammonium (NH4+) 
and iron oxide. Previous work by Legault and Walker [16] recorded the use of sodium 
nitrite (NaNO2) as a corrosion inhibitor for mild steel. They concluded that the function of 
nitrite is to maintain the oxide film formed on the metal’s surface. NaNO2 as an oxidizing 
inhibitor provides a thin film of products of electrochemical action as a passive surface on 
the metal. However, it was reported that the amount of NaNO2 needed for improved 
inhibition increased markedly as the chloride ions in solution increased. Test data indicated 
that the NaNO2 concentration must equal the chloride ion concentration for effective 
inhibition. The effect of pH level on the dissolution rate of mild steel showed that the 
corrosion rate decreased rapidly as the pH was increased to approximately 5 (Figure 2.1), 
after which there was a little change between 5 and 7. 
 
 
 
Figure 2.1 Effect of pH on corrosion rate of mild steel in 1000 ppm chloride (Cl-)  
ion solution with 100 ppm sodium nitrite (NaNO2) at 30°C [16] 
 
2.5. Flow 
Turbulent flow is the most common type of pipe flow found in industry. To investigate a 
flow regime and its effects it is first necessary to define the wall shear stress (the rate of 
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momentum transfer at the wall) and the flow type (single-phase, two-phase or multi-phase). 
Using one or other of the laboratory rigs listed below most flow regimes can be accurately 
simulated and tested under controlled laboratory conditions instead of performing these 
tests in the field. The lab test tools include: 
• Pipes and channels. 
• Jet impingement. 
• Rotated probes, these include rotating disc electrodes (RDE) and rotating cylinder 
electrodes (RCE). Heitz and Silverman have shown that using simple hydrodynamic 
analysis the flow velocity in a pipe can be converted to the rotating velocity of the 
electrode [17, 18]. 
Fluid motion (which will be a function of flow rate) has a great effect on the corrosion rate 
and the corrosion morphology of pipes and tubes [19]. In general, the flow will determine 
whether corrosion is under diffusion, activation or mixed control. On-site velocity-sensitive 
corrosion mechanisms can be duplicated and investigated in the laboratory using such fluid 
mechanics parameters as mass-transfer coefficient, fluid shear stress, Sherwood number 
and Reynolds number to define hydrodynamic conditions. Mass-transfer coefficient and 
fluid shear stress are generally considered to be the most important factors. There are two 
possible methods available to study the effect of flow rate on an electrode surface. 
1. The first one is to create flow by moving the electrolyte. 
2. The other one is by rotating the electrode in the electrolyte. 
 
2.5.1. Flow regimes 
There are in general three types of fluid flow; 
1. laminar flow 
2. turbulent flow 
3. transient flow 
The flow regime, whether laminar or turbulent, is important in the operation of any fluid 
system because the energy required to maintain the desired flow, depends upon the mode of 
flow. This is also an important consideration in certain applications that involve heat and/or 
mass transfer to or from the fluid. The Reynolds number (Re), which is a dimensionless 
quantity determines the flow regime. 
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2.5.1.1. Laminar flow 
Laminar, or streamline, flow occurs in pipes with small IDs and low flow velocities, or very 
viscous liquids. It can be considered as a series of concentric liquid cylinders flowing in the 
pipe, where the flow is parallel to the wall of the pipe and where the innermost cylinder 
moves fastest, and the cylinder touching the pipe isn't moving at all, shown 
representationally in Figure 2.2. In laminar flow, the different layers or cylinders of water 
are assumed to flow past another at different speeds with very little mixing between the 
layers. If tracers are placed in the flow they will move in definite and observable paths or 
streamlines.  
 
 
 
 
 
 
 
Figure 2.2 Laminar flow velocity profile 
 
 
Shear stress in laminar flow is independent of the density (ρ), and depends almost entirely 
on the viscosity (µ).  
2.5.1.2. Turbulent flow 
Turbulent flow occurs in larger diameter pipes, though these may be only a few tens of 
millimetres in diameter, with higher flow rates. In turbulent flow the shear stress will be a 
function of the fluid density (ρ). Random flow vortices and eddies make turbulent flow 
unpredictable, and this has a significant effect on heat and mass transfer processes. 
Turbulent flow is characterized by the irregular movement of particles of the fluid, and an 
average velocity profile across the pipe carrying the flow that is much flatter than for 
streamline flow, see Figure 2.3.  
Flow 
Pipe 
                                                                                       Chapter 2: Literature Review 
                  
 25 
Particles travelling in turbulent flow can be considered to move with the mean velocity of 
the flow on which is superimposed a smaller velocity which is random both in magnitude 
and direction. Thus the measured velocity of random flow will have both an irregular 
temporal component and a changing frequency spectrum.  
 
 
 
 
 
 
 
 
 
Figure 2.3 Turbulent flow velocity profile  
 
 
The temporal fluctuations are illustrated in Figure 2.4 and can be recorded by measuring 
the flow with a hot-wire anemometer. The velocity is expressed as follows: 
uuu ′+=         (2-1) 
Where; 
  u  = mean velocity, and 
  u′  = fluctuating velocity. 
 
 
 
Figure 2.4 Turbulent velocity at a point 
Fluctuations 
Flow 
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2.5.1.3. Transient flow 
The transition regime is the transition from laminar to turbulent flow and is often 
characterized by turbulent flow in the centre of the pipe and laminar flow near the pipe wall. 
Transient flow is rarely, if ever, met in practice. 
Each of these three flows behaves in a different manner in terms of frictional energy loss 
and has different equations that predict its behaviour.  
2.5.2. Reynolds number 
For pipe flow Re is a non-dimensional parameter defined by the ratio of dynamic pressure 
(ρ× u2) and shearing stress (µ× u / L): 
  u/L)(µ/)2u(ρRe ××=       (2-2) 
  µ××= /L)u(ρ        (2-3) 
  υ/L)(u ×=        (2-4)    
Where;  
 Re = Reynolds number. 
 ρ = density (kg/m3). 
 u = mean velocity (m/s). 
 µ = dynamic viscosity (Ns/m2). 
 L = characteristic dimension (m). 
 υ = kinematic viscosity (m2/s) (=µ/ρ). 
 
Re can be used to determine if flow is laminar, transient or turbulent. For a pipe or duct the 
characteristic dimension is represented by the hydraulic diameter (dh). Re for a duct or pipe 
can be calculated as: 
  µ/)du(ρRe h××=        (2-5) 
  υ/)d(u h×=        (2-6) 
Where; 
dh = hydraulic diameter (m). 
 υ = kinematic viscosity (m2/s). 
 u = mean velocity (m/s). 
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In pipe flow the laminar region is for Re < 2000, the transitional flow region is for 2000 < 
Re < 4000, while turbulent flow occurs for Re > 4000. 
When using a rotating cylinder electrode (RCE), an increase in bulk velocity corresponds to 
an increase in Re and wall shear stress. For a rotating cylinder electrode the Reynolds 
number will be calculated as [20-22]: 
 
µ
ρ××
=
cylcyl
cyl
dU
Re        (2-7) 
Where; 
Ucyl = the peripheral velocity of the RCE (m.s-1). 
dcyl = the RCE diameter (m). 
ρ = density of the solution used in measurement (kg/m3). 
µ = viscosity of the solution (m2/s). 
 
The linear velocity (Ucyl) at the outer surface of the RCE is given by: 
60
Fd
U cylcyl
××pi
=        (2-8) 
Where; 
 F = Rate of rotation (RPM). 
dcyl = the RCE diameter (m). 
 
The transitional Re for flow around a rotating cylinder is ≈ 200 [23]. 
2.5.3. Fluid shear stress 
A general shear stress (τ) applied parallel or tangentially on a material is given by:  
 
A
F
τstress,Shear =        (2-9) 
Where; 
 F = Force (kg.m/s2) 
 A = Area (m2) 
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In the case of a fluid is moving along solid boundary, the shear stress of a fluid on that 
boundary is given by; 
 
y
u
µτ(y)
∂
∂
=         (2-10) 
 
Therefore, the wall shear stress (τw) is defined as; 
 0yw |y
u
=∂
∂µ=τ         (2-11) 
Where; 
 y = the height of the boundary (m). 
 u = fluid velocity (m.s-1). 
 µ = solution viscosity (m2/s). 
 
It is well-known that corrosion of a metal surface takes place at the interface with the 
electrolyte. Wall shear stress (τw) is considered a direct measure of the viscous energy loss 
within the turbulent boundary layer adjacent to the metal surface and is related to the 
intensity of the fluid turbulence acting on the metal wall [24]. The wall shear stress (τw) on 
the outer surface of a cylinder induced by turbulent flow can be calculated using the 
following equation from Eisenberg [20, 21]. 
2
cyl
3.0
cyl URe0791.0 ××ρ×=τ −      (2-12) 
Where; 
 τcyl = the wall shear stress of the RCE (kg m-1s-2). 
 ρ = density of the solution used in measurements (kg/m3). 
 Ucyl = the linear velocity at the outer surface of cylinder (m/s).  
 Re = Reynolds Number (non-dimensional). 
 
2.5.4. Mass transport 
Corrosion processes involve consumption of the reactants and formation of products at the 
metal surface interface. For the corrosion process to proceed, products must be transported 
to the metal surface and reactants away from the surface. Corrosion rates usually depend on 
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the rate at which these transport processes proceed. Generally mass transport in solution 
takes place according to one or more of the following processes:- 
Diffusion: The movement of species from a higher to a lower concentration is known as 
diffusion. When an electrode is immersed in a solution, if the concentration of reactive 
species in the solution is higher than that at the electrode surface, diffusion of the species 
will be towards the electrode. Diffusion in the opposite direction is also possible when 
reactions produce species at a higher concentration at the electrode surface, and the species 
diffuse outwards into the solution. 
Migration: Migration is the movement of charged species (ions) due to electric field acting 
on them (potential gradient). The cations will be drawn to the cathode and the anions to the 
anode. 
Convection: This is the movement of species due to mechanical forces. There are two 
types of convection; 
• Natural: caused by density differences of the solution (usually due to a temperature 
gradient) 
• Forced: this is arises when the solution made to flow (e.g. stirring, pumping, 
bubbling gas) 
 
2.5.5. Mass-transfer coefficient 
The net transport towards and away from the metal wall consists of both bulk and turbulent 
convection; the mass transfer can be expressed as: 
  ∆CKJ m ×=         (2-13) 
 Where;  
J = Rate of reaction (mol/m2.s). 
  Km= Mass transfer coefficient (m.s-1). 
  ∆C = Concentration difference (mol/m3). 
 
With corrosion, mass transfer is usually associated with “limiting current” effects. That is 
when electrochemical processes at metal surface proceed very fast the result will be that not 
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enough reactants will be transported from the bulk for what the process to continue at the 
same rate. 
The reduction of oxygen in dilute chloride (NaCl) solutions has previously been adopted to 
study mass transfer controlled electrochemical processes [25]. The oxygen reduction 
proceeds by means of 4 electron exchange under limiting current conditions by the 
following reaction: 
O2 + 2H2O + 4e¯     4OH¯       (2-14) 
 
From this reduction reaction the value of the rate of mass transfer at the wall (i.e. mass 
transfer coefficient, Km) can be determined by using the limiting current method [26, 27]. 
Mass transfer coefficient (Km) can be calculated from the measured limiting current by the 
following equation: 
 
CFn
iK limm
××
=        (2-15) 
Where; 
 Km = Mass transfer coefficient (m/s). 
 ilim = limiting current density (A/m2). 
 n = Number of electrons. 
 F = Faraday constant (96500 C/mol). 
 C = Ion or molecule bulk concentration (mol/m3). 
 
For the RCE the mass transfer coefficient (Km) can be also calculated at different rotation 
speeds. From Eisenberg [20, 21]: 
0.7
cyl
0.6440.3440.3
cylm UD)ρµ(d0.0791K ++−− ××××=   (2-16) 
Where; 
 dcyl = RCE diameter (m).  
 µ = solution viscosity (kg/m.s). 
 ρ = solution density (kg/m3). 
 D= Diffusion coefficient (m2/s). 
Ucyl = the peripheral velocity of the RCE (m/s). 
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2.5.6. Schmidt number 
The dimensionless Schmidt number (Sc) is introduced where the mass transfer rate controls 
or has a significant effect on corrosion. Sc is the ratio between momentum transport and 
mass transport by molecular diffusion: 
D
Sc ν=          (2-17) 
Where; 
 D = diffusion coefficient (m2/s). 
 ν = kinematic viscosity (m2/s). 
 
2.5.7. Sherwood number 
The dimensionless Sherwood number (Sh) is used with mass-transfer and represents the 
ratio of length-scale to the thickness of the diffusive boundary layer. The measured values 
of mass transfer coefficient, Km, can be used to determine the Sherwood number: 
L)
D
K(Sh m ×=         (2-18) 
Where; 
Km = mass transfer coefficient (m/s). 
L   = characteristic length (m). 
 D= component diffusion coefficient (m2/s). 
 
For RCE, the mass transfer correlation given by Eisenberg is most appropriate and is given 
by the equation; 
D/)d(KSh cylm ×=        (2-19) 
0.3560.7 ScRe0.0791Sh ××=       (2-20)  
Where;  
 Re= Reynolds number. 
 Km= mass transfer coefficient (m/s). 
 dcyl= cylinder diameter (m). 
 D= Diffusion coefficient (m2/s). 
Sc= Schmidt number. 
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2.5.8. Boundary layer thickness 
The boundary layer thickness (δ), is defined as the distance required for the flow to nearly 
reach the outer flow velocity. According to Prandtl the flow in a pipe can be divided into 
two regions: 
1. The region near the wall where the flow movement is controlled by the frictional 
resistance (viscosity). 
2. The second region is just outside the first region and not affected by the friction, and 
is assumed to be ideal flow. 
 
The boundary layer thickness (δ) can be calculated from the equation; 
limi
CDFn ×××
=δ        (2-21) 
Where; 
 ilim = limiting current density (A/m2). 
 n = Number of electrons.   
 F = Faraday’s constant (96500 C/mol). 
 C = Ion or molecule bulk concentration (mol/m3). 
 D = Diffusion coefficient of ions or molecule undergoing mass transport (m2/s). 
 
2.5.9. Effect of flow on corrosion 
Corrosion attack and corrosion inhibition in many systems are influenced by flow and are 
generally not uniform but localized. To investigate how flow effects corrosion attack and 
corrosion inhibition in a laboratory, appropriate tools are needed to quantify the flow effect 
on corrosion rates under defined flow conditions and to identify critical conditions for 
initiation of flow influence localized corrosion (FILC) [9, 10, 28, 29]. Testing materials for 
their resistance to flow effects and to investigate corrosion prevention methods, e.g. 
corrosion inhibition under flow conditions, are of interest to many researchers [30-33]. 
The corrosion process is usually affected by one of the factors listed below; 
• Mass transport, 
• Film formation, and 
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• Concentration gradients. 
 
The corrosion that is associated with or influenced by fluid flow is often known as flow 
dependent corrosion and can be classified into; 
• Flow-accelerated corrosion, and 
• Erosion-corrosion. 
 
The effect of flow on corrosion was demonstrated by Heyn and Bauer [34] as long ago as 
1910. They determined the weight loss of iron specimens rotating in oxygenated water and 
found that in the absence of protective layers (films), the influence of flow on corrosion is 
due to mass transfer of the species involved in the corrosion process at the metal surface. 
Wormwell et al [35] investigated the effect of flow on the electrochemistry of corrosion. 
They measured the corrosion potentials of mild steel specimens rotating at different speeds 
in water. Ennoblement of potential was observed up to 600 RPM, above which the potential 
remained steady. When the rotation was stopped a degree of hysteresis was noticed which 
indicated that the initial ennoblement of the potential was caused by the formation of a 
protective film, and that the hysteresis showed that the film remained protective for a 
period of time after the rotation was stopped. 
It is well known that corrosion rate depends on mass transfer of a reactant to, or a product 
from, the metal surface and this is one of the main causes of flow-accelerated corrosion. 
Thus the corrosion rate and the corrosion morphology of pipes and tubes are influenced 
greatly by the rate of fluid flow and the effect has been studied by many researchers, [32, 
36-41]. Copson [42] pointed out that corrosion generally increases with the increase of flow 
velocity, although sometimes the opposite effect has been noticed. On the other hand Evans 
[43] pointed out that higher velocities and greater turbulence result in a more homogeneous 
oxygen concentration on uncorroded metal surfaces, leading to the delay of corrosion 
process. Several authors [44, 45] have shown that fluid flow can affect the corrosion 
processes due to their effects on the different stages of mass transport stages, including: 
 
• Delivery of reactants to, and removal of reactants from, the anodic sites. 
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• Delivery of reactants to, and removal of reactants from, the cathodic sites. 
• Property changes due to anodic film repair or breakdown. 
 
The mass transfer (Km) and wall shear stress (τw) parameters are the fundamental 
hydrodynamic factors that determine the influence of fluid flow on corrosion or flow-
accelerated corrosion processes. Normally laboratory tests are conducted with values of τw 
and Km calculated from field data. Mass transfer and chemical composition play an 
important role in determining how pits initiate or repassivate [46-48]. Fluid flow influences 
pitting corrosion by modifying the rate of transport of chemical species to or from the 
electrode surface, leading to changes in current of pitting dissolution, or to repassivation 
[49, 50].  
2.5.10. Effect of flow on corrosion inhibition 
Schmitt [51] was one of the first researchers who understood the necessity of the need for 
fundamental studies in this area and was responsible for the formulation of a fundamental 
relationship between inhibition and flow intensity [52]. The efficiency of corrosion 
inhibitors in flowing systems depends on the flow velocities, and they can lose their 
efficiency above certain critical flow intensities, see Figure 2.5. Under these conditions 
FILC is encountered. 
 
 
Figure 2.5 Flow intensity and efficiency of corrosion inhibitor [53] 
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The efficiency of a corrosion inhibitor in flowing condition is not only related to its 
adsorption properties on the surface, but also to its effect on the hydrodynamic conditions 
of the flowing medium. The effect of flow on corrosion depends on the mechanism of the 
corrosion process. There are two major cases that can be distinguished; 
• The effect of flow on corrosion when there are no protective layers on the surface. 
• The influence of flow on corrosion when there are films on the metal surface 
(precipitates, inhibitors, etc.). 
 
Increased flow can affect the flux of species to and from the metal surface. Flow rate 
increases the interfacial concentration of oxygen and the increased supply of oxygen may 
promote passivity [54]. In addition the corrosion rates are supposed to increase at higher 
flow rates due to an increase in oxygen diffusion and breaking down of the protective films 
on the metal surfaces. 
Inhibitor efficiency with flow is highly dependent on the fluid velocity which is believed to 
play a big role in the removal of inhibitor films [55, 56], particularly at high velocities due 
to the increase of the fluid-to-wall shear stress which thins or removes the films of 
corrosion products and/or inhibitor, which normally provide protection, causing higher 
corrosion rates. Wilson [57] emphasized the effect of velocity as an important factor in 
governing the thickness of the film through which oxygen must diffuse in the corrosion 
process. Evans [43] suggested that greater turbulence due to higher flow velocities results 
in a more uniform oxygen concentration and most likely delays the initiation of corrosion 
on a previously uncorroded surface 
 
2.5.11. Fluid flow - effect on corrosion and corrosion inhibition of carbon steel 
Schmitt and Bruckhoff used a range of approaches in a laboratory study of erosion and 
corrosion protection techniques for C-steel [32]. Their results were confirmed by field 
observations and the laboratory techniques were shown to be applicable for the practical 
development of corrosion protection. 
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2.5.12. Effect of fluid flow on electrochemical noise measurement  
In the recent years, there has been a growing interest in investigating the effect of different 
types of electrolyte movement on the measured electrochemical noise (EN). In laminar 
flow the rate of mass transfer to the metal surface is expected to be uniform, while in 
turbulent flow conditions, because the corrosion reactions (processes) are the main source 
of EN, the influence of electrolyte movement has to be considered. As these corrosion 
processes involve mass transport stages that are likely to be influenced by fluid flow, 
efforts have to be made to explain the observed changes that show in the EN measurement 
[7, 28, 44, 58-60]. From studies that have been performed under different flow conditions, 
it is clear that an additional source of potential and current fluctuations could be introduced 
by stirring the solution [3, 4, 61]. When fluid flow becomes part of the experimental 
arrangement, the data obtained must characterize the fluid motion in addition to corrosion 
rate or other indications of corrosion process. The effect of electrolyte movement was 
clearer in the case of multiphase flow as the characteristics of the measured EN were 
significantly influenced by the change of flow conditions [62-64]. It was established by 
Legat [2] that the measured EN in still solutions consisted of low-frequency fluctuations of 
electrochemical potential and current. However, the EN measured in the presence of fluid 
flow had a high-frequency component. It was claimed this difference might be attributed to 
the difference in corrosion processes. Lin et al [58] and Liu et al [3] pointed out that the EN 
amplitude increased with increase in flow rate.   
 
2.5.13. Flow testing tools 
Using one of the laboratory tools listed in Section 2.5, most of flow regimes of interest can 
be more accurately simulated and tested at the laboratory rather than field tests. 
 
2.5.13.1. Pipe and channel flow:  
The use of flow in tubes (pipes) as test systems is widely known. They are considered 
efficient because the flow pattern established in these systems is well defined by mass, heat 
and momentum transfer equations. Pipe and channel flow experiments tend to be performed 
in flow loops because once-through flow systems are considered expensive to run and may 
cause environmental problems. However, the difficulty of thoroughly cleaning and 
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removing corrosion inhibitors that have been used previously are considered limitations for 
flow loops.  Figure 2.6 below illustrates the flow loop (pipe flow) used with the ring 
electrodes.  
 
 
Figure 2.6 A Schematic of pipe flow corrosion cell [65]  
(A – ammeter, V – voltmeter, WE working electrode, RE – reference electrode) 
 
The influences of fluid flow on the corrosion processes in many studies have been 
investigated using flow rigs. 
 
2.6.13.2. Rotating electrodes 
Rotating electrodes were introduced in 1905 to provide some quantitative control of fluid 
movement [7, 22]. Many electrode types have been used; rotating wire electrode (RWE), 
rotating-disc electrode (RDE), rotating cylinder electrode (RCE), rotating cone electrode 
(RConE) and rotating hemisphere electrode (RHSE). Heitz [17] has demonstrated out that 
RCE and RDE are much more suitable for laboratory testing and today these are the only 
electrodes commonly used in laboratories and/or industry.  
The flow regime is the main difference between choice of RDE or RCE; the RDE is used 
with laminar flow, while the RCE is mainly used in turbulent flow, which is the case in this 
project. The RCE design has several features in common with the RDE, as it is essential to 
rotate the electrode at low and high speeds which are maintained constant. Re is used to 
indicate the type of flow regime, and the mass transfer coefficient is characterized by 
Sherwood number. 
Flow 
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Rotating cylinder electrode (RCE): As a hydrodynamic test system has been very popular 
in corrosion studies [66, 67]. The RCE is considered to be a preferred instrument for the 
advantages listed below [7, 68]: 
1. An entire flow regime from laminar to turbulent can be tested using the same 
arrangement. 
2. The instrument is simple to construct and use. 
3. Turbulent flow is achieved at low Re (low rotation speed) [7]. 
4. It has uniform current distribution for electrochemical measurements [20]. 
5. Relatively little test fluid is required. 
 
In laboratory corrosion studies, the RCE is very useful tool for the understanding of 
inhibition processes and the mass transfer processes involved in turbulent flow conditions 
[69-71]. Dunlop, et al., used rotating cylinder specimens to evaluate the corrosion rate of C-
steels in fluid flow [39]. They pointed out the significance of the critical velocity as one 
parameter for corrosion protection. With a rotating cylinder the flow is considered turbulent 
when the Re > 200 and this can be achieved at low rotation speeds, which makes the RCE 
an ideal tool.  
RCE design and construction: RCE can be arranged as a freely rotating cylinder or as a 
rotating cylinder in a static coaxial housing. 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 RCE apparatus by Pine [23] 
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Early RCE designs were primarily concerned with achieving a particular rotation speed and 
paid very little or no attention to the fluid dynamics of rotation. The apparatus used in these 
experiments includes an electrode rotator and a control unit, see Figure 2.7. The control 
unit can precisely adjust the rotation speed of the shaft; a special tip of an inert and 
electrically insulating material (e.g. Teflon) is mounted at the end of the shaft to hold the 
sample. The tip is connected with a metal shaft to provide mechanical stability and 
electrical contact with the sample, see Figure 2.8. For smooth rotation and to eliminate 
eccentricity and whip, rotation bearings were introduced into the design. The rotation speed 
is measured by a tachometer [23]. 
 
 
 
Figure 2.8 Rotating Cylinder Electrode Tip [23] 
 
 
RCE applications: The RCE is used and applied in different research areas listed below: 
Electroanalysis: Adams [72] has reviewed the use of RCE techniques in the field of 
Electroanalysis and he stressed that the rotating wire electrode do have a role. it was shown 
by Harris and Lindsey [73, 74] that at low frequencies (< 40 Hz) the limiting current 
density (ilim) is proportional to frequency. 
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Electrodeposition: Previous work on electrodeposition made use of the RCE to increase 
rates of electrowinning and improve surface finish of protective plated coatings.  
Cementation: King and co-workers [75, 76] and Ingraham and co-workers [77] used the 
RCE to study rates of cementation-displacement for different metals. In order to ensure that 
the diffusion is rate-controlling the rotation rates of the RCE must be carefully chosen as at 
higher speeds chemical reaction becomes controlling. Generally the rate of deposition 
increases with the increase of rotation speed but Von Hahn and Ingraham [78] described 
two alkaline cyanide solutions for silver-copper and silver-zinc where the cementation rate 
decreased with the increase of rotation speed of the RCE.  
Corrosion and dissolution: Flow rigs were used to investigate the effect of flow on 
corrosion until Heitz [17] pointed out that the much more convenient RCE is more suitable 
for laboratory testing. Thus the RCE is now used to study the effect of dissolved oxygen 
[79] and chlorides on corrosion rates and cathodic protection in flowing conditions [80].     
RCE applications in mass transport 
Mass transfer coefficient (Km) : The rate of corrosion is often governed by the rate of 
mass transport to and from the RCE surface. Eisenberg in his early reports provided 
descriptions for mass transport by RCE [20, 21] and gave the relationship between a 
rotating cylinder and the mass transfer coefficient as; 
 )Sh
d
D(K
cyl
m=         (2-22)  
Where; 
D = Diffusion coefficient of ions or molecule undergoing mass transport (m2/s). 
dcyl = the RCE diameter (m). 
  Sh = Sherwood number. 
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Wall shear stress : A wall shear stress on the surface of the rotating cylinder of the 
cylinder (RCE) will be induced by turbulent flow. The wall shear stress τcyl (kg/ms2) was 
derived by Eisenberg [20, 21] as: 
23.0Re0791.0 cylcyl U×××= −ρτ      (2-23) 
Where; 
τcyl = cylinder wall shear stress (kg.m-1.s-2) 
ρ = solution density (kg/m³) 
Ucyl = cylinder surface velocity (m/s) 
 
RCE applications in corrosion measurements   
Even at low rotation rates, turbulent conditions can be achieved and that makes the RCE an 
ideal probe with which to study corrosion and corrosion inhibition at low velocity and at 
turbulent conditions [81-84]. 
The RCE flow regime is characterized by Re and can be tuned by adjusting the rotation 
rate. At very low rotation rates, the solution close to a rotating cylinder flows smoothly and 
regularly, the flow is laminar.  
Table 2-1 Hydrodynamic calculations for a typical  
12mm RCE by Pine, in water at 25 ºC [23] 
Rotation rate (F) 
RPM 
Surface velocity 
Ucyl (cm/s) 
Wall shear stress 
τcyl (gcm-1s-2) 
Re 
(dimensionless) 
5 0.31 0.0025 42 
10 0.62 0.0082 84 
20 1.26 0.0267 169 
50 3.14 0.1270 422 
100 6.28 0.4125 844 
200 12.6 1.340 1688 
500 31.4 6.363 4219 
1000 62.8 20.67 8438 
2000 125.7 67.17 16876 
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As the rotation speed is increased, the layer of solution in direct contact with the cylinder 
continues to stick to the surface, the shear stress between this layer and outer layers further 
from the cylinder start to spin off vortices (turbulent flow). The critical Re number for 
turbulent flow regime of RCE was confirmed as approximately 200. Below Re = 200 it was 
found that the Sherwood number is constant (Sh = 37) and independent of Re [22].   
Corrosion rate at a rotating cylinder is correlated with wall shear stresses and given by the 
equation. 
 
bτaw ×=         (2-24) 
Where; 
 w = corrosion rate [mm/y]. 
 τ = wall shear stress [Pa]. 
a and b = constants depending on solution parameters, chemistry, and corrosion 
                product film. 
 
RCE - Electrochemical measurements 
By measuring the electric current at the cylinder (working electrode), the corrosion 
behavior can be monitored [85, 86]. A potentiostat is used to impose various potentials on 
the RCE and the current is measured simultaneously. When using a three-electrode cell 
configuration, a reference electrode (such as silver/silver-chloride) and a counter electrode 
in addition to the working electrode (RCE) are set for the measurement. In order to help to 
achieve uniform current density at the RCE during the test period, the RCE is best 
surrounded by the counter electrode. 
The mass transport limited current density (ilim) is related to the mass transfer coefficient 
(km) by the relationship; 
      mlim nFCki =         (2-25) 
 Where; 
  F = Faraday constant (96485 C/mol). 
  n = number of electrons exchanged. 
  C = Bulk concentration (mol/m3). 
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The mass transport limited current density can be expressed as; 
0.70.6440.3440.3-
cyllim UD)ρ
µ(d0.0791i ××××= −    (2-26)   
Thus, if the corrosion process is limited by mass transport, it would be expected that the 
limiting current density will vary linearly with (ω0.7), where ω is the rotation rate. Figure 
2.9 represents a series of polarization scans performed at different rotation rates [23].  It is 
clear from this plot that, for any given potential the observed current increases with 
increase in rotation rate. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9  Polarization scans at different rotation rates [23] 
 
 
The observed current will be judged a mass transport limited current if the log/log plot of 
limiting current density (ilim) vs. rotation rate (ω) is a straight line with a gradient 
approaching or equal to 0.7, see Figure 2.10. 
 
                                                                                       Chapter 2: Literature Review 
                  
 44 
 
Figure 2.10 Log/log plot of (ilim) vs. (ω) [23] 
 
 
2.6. Electrochemical Noise  
EN is the natural fluctuation in cell current or electrode potential that occurs as an 
electrochemical process proceeds in an electrochemical system. These fluctuations are 
produced by corrosion processes such as general corrosion, pitting attack, stress corrosion 
cracking, adsorption process, and passive film build-up. The nature of the electrochemical 
noise is determined by noise sources. Deterministic or non-deterministic are two categories 
of all physical processes. Deterministic processes are non-random and can be periodic or 
non-periodic (transient) and described by time-varying functions. According to Macdonald 
[87], passivity breakdown and pitting initiation generated noise (and so the EN produced) 
is an example of a deterministic process. However, thermal noise that results from electron 
vibration is classified as non-deterministic. 
2.6.1. Noise sources  
The theory of EN is based on a theoretical analysis of the noise associated with a brief 
pulse of charge.  
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2.6.1.1. Thermal noise  
Thermal noise results from the thermally activated movement of electrons inside an 
electrical conductor and is considered the lowest magnitude or intensity of electrical noise 
generated in an electrochemical system. Its small compared to EN levels, but could become 
significant in high resistance circuits. 
  RTKV B ××=∆
4
2
υ
      (2-27) 
Where;  
  ∆υ = Frequency band (Hz) 
  V = Amplitude of the noise voltage (V) 
  KB = Boltzmann’s constant (Joule/K) 
  T = Absolute temperature (K) 
R = Resistance of conductor (Ω) 
 
Figure 2.11 Thermal noise [88] 
 
2.6.1.2. Shot noise 
The noise that is generated by current fluctuations as current flows through a galvanic cell 
is generally called shot noise [89]. During electrodepositing or when the electrode is 
undergoing corrosion the fluctuations observed are several orders of magnitude greater 
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than those generated by thermal noise [90, 91]. Shot noise can be used to analyze bursts of 
charge that produced by metastable pitting and the analysis for electrochemical transients 
are only applicable at low frequencies. Shot noise is considered as “white noise”, that 
means the power density (current noise) does not vary with frequency of measurement. 
  2eIbnI 2 =        (2-28) 
Where; 
  e  =  charge on the electron. 
  I  =  flowing current. 
  b  =  bandwidth of measurement.  
The impulse of charge q detected as a single shot event Figure (2.12) in the time domain 
can be transferred into frequency domain as a wideband noise using a Fourier Transform.  
 
 
Figure 2.12 Shot noise: [88] 
 
2.6.1.3. Flicker noise 
This type of noise occurs in almost all electronic devices at low frequencies. Flicker noise, 
also known as pink noise, is a type of noise whose power spectra as a function of the 
inverse frequency:  
affP
1)( =          (2-29) 
Where the exponent a is very close to 1 [92], and f is the frequency. 
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Flicker noise is usually defined by the corner frequency FL, see Figure 2.13. 
 
  
 
Figure 2.13 Flicker and White noise [88] 
 
Even though this type of noise is observed in many systems, its origin is not yet clear 
compared to thermal or shot noise. It has been suggested that it is due to impurities in the 
conductive channels of the EN measuring instrument and limits its sensitivity. When 
considered together with the signal drift is a major limitation.  
2.6.2. Noise sources in corrosion systems 
The major sources of noise associated with corrosion systems can be attributed to 
macroscopic random (stochastic) events, and they include the following: 
2.6.2.1. Uniform corrosion 
Even though the uniform (general) corrosion process is considered to be a homogeneous 
process, it still shows some small random fluctuations of potential and current see Figure 
2.14.  
 
Corner frequency FL 
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Figure 2.14 Potential noise for uniformly (general) corroding   
conditions of mild steel in sodium chloride [93] 
 
In uniform corrosion the most common processes that generate noise are metal dissolution 
and bubble formation and detachment. According to Dawson [93], and Legat and Dolecek 
[94] the slow increase in voltage is due to the formation and growth of hydrogen bubbles, 
while the steep jump is caused by bubble detachment causing current and potential 
fluctuations. Legat [94, 95] found that amplitude of the potential transients were due to the 
corrosion process, while the current transients were influenced by the electrode area.   
2.6.2.2. Pitting corrosion 
The noise associated with the process of pitting corrosion is much greater than that of 
uniform corrosion attack. Metastable pit nucleation and propagation usually results from 
the pitting initiation process. According to Cottis [92], the transients generated by 
metastable pitting are relatively short anodic transients, countered by cathodic transients on 
the working electrode. These cathodic transients are originally produced by the discharge of 
the double layer capacitance, and then recharged by the normal cathodic process, leading to 
potential and current transients as shown in Figure 2.15. 
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Figure 2.15 Current and potential transients related to metastable pitting [92]. 
 
 
The current transients resulting from the nucleation, growth and death of metastable pits 
last for a few seconds. Metastable pits of carbon steel and aluminium alloys consist of 
moderate current rise followed by a slower fall, but for stainless steel the current rise is 
slow and the current fall is fast. Figure 2.16 (a) illustrates how some transients may 
continue and give rise to unstable or metastable pits [96].  
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Figure 2.16 (a) Unstable or metastable pitting, and (b) Stable pitting  [96]. 
 
On the other hand it can be noticed from Figure 2.16 (b) that quite a number of initiation 
events continue to form stable pits. When some pits form and a few of these propagate, 
occasional glitches start to appear. Depending on the studied material, the potential shift 
can vary from a few millivolts to hundreds of millivolts. The noise that corresponds to 
pitting corrosion has a unique characteristic frequency range and can be extracted from the 
readings by an appropriate analysis procedure [97].     
2.6.2.3. Crevice corrosion 
Dawson et al [98] thought the initiation of crevice corrosion was due to film breakdown. 
From his investigation of potential noise for C-steel, Dawson [96] observed regular 
oscillations caused by crevice corrosion. These transients were more likely due to the 
formation and dissolution of unstable films. Farrell [99] concluded that crevice attack 
occurred as individual events and the transient amplitude can be about 100 mV. 
Cottis [92] suggested that the most distinguishing feature of crevice corrosion is the large, 
relatively stable drop in potential that leads to the initial transition to stable crevice 
corrosion, see Figure 2.17. 
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Figure 2.17 Potential and current noise during initiation 
of stable crevice corrosion [100]. 
 
2.6.2.4. Stress Corrosion Cracking  
The propagation of stress corrosion cracks (SCC) can be either a continuous or a 
discontinuous process. The discontinuous process generates current transients similar to 
those of that produced by metastable pitting and a similar approach is applied for analysis. 
  
 
Figure 2.18 Potential and current noise for SCC corrosion  
attack of mild steel in sodium chloride [101]. 
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EN measured during stress-corrosion cracking of mild steel in neutral NaCl is illustrated in 
Figure 2.18 above. It is assumed that the initiation of the crack was the cause of a burst of 
voltage and the rapid drop of current occurred in region I [101]. 
2.6.2.5. Passivity and passive film breakdown 
Low amplitude and high frequency with no clear noise transients characterize the passive 
state fluctuation. It is believed that current and potential noises are caused by the 
breakdown of passive films. Simoes and Ferreria [102] thought that the sudden jump 
followed by gradual exponential recovery of current transients was due to the breakdown 
and repair of the passive film.  
2.6.2.6. Bubble nucleation, growth and detachment  
When hydrogen evolution is the predominant cathodic reaction, it is clear that the growth 
and detachment of hydrogen bubbles will tend to give rise to a fluctuation of the currents 
flowing. The gas bubbles generated by hydrogen evolution cathodic reaction will cover 
some of the area of the electrode surface, and as these bubbles grow so the covered area 
will increase [92].     
2.6.2.7. Mass Transport Fluctuations  
Some fluctuations still appear in laminar flow due to the uniform rate of mass-transfer.  
 
 
Figure 2.19 Electrochemical potential noise of 304L stainless 
steel in 3.5% NaCl in pipe flow at Re=500 (laminar flow)  [65] 
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The fluctuations that generated by laminar flow lead to shot noise process. Figure 2.19 
represents the electrochemical potential noise (EPN) of stainless steel for laminar flow 
conditions.  
 
 
Figure 2.20 Electrochemical potential noise of 304L stainless 
steel in 3.5% NaCl in pipe flow at Re=75000 (turbulent flow) [65] 
 
It is not clear that this source of noise can be analyzed as a Poisson process, and further 
work is needed to understand the expected relationships between the measured noise and 
the underlying processes. 
On the other hand some fluctuations in the boundary layer thickness for a mass transport 
process will generate larger fluctuations in current; these fluctuations are expected to be 
observed in turbulent conditions [92]. Potential noise fluctuations in turbulent flow 
conditions are shown in Figure 2.20.  
2.6.3. Electrochemical Noise Measurement (ENM) 
Electrochemical techniques have become very important for corrosion monitoring in 
industry and not only for the application in laboratory studies. Iverson was the first who 
demonstrated the measurement of EN in 1968 [103]. Since only one parameter varies with 
time, these measurements can be beneficial in research studies. An alternative approach is 
to record the natural potential fluctuations of the corrosion process using a sensitive digital 
voltmeter [104, 105]. Another popular approach is when corrosion potential measurement 
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is combined with a current measurement by coupling two freely corroding identical 
electrodes through a zero-resistance ammeter (ZRA) [106, 107].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.21 Electrochemical noise measurement apparatus set up 
 
 
EN measurements can be made without applying any external perturbation to the corroding 
system; therefore it can be applied to real structures. The EN technique has proved a very 
useful and powerful tool to monitor corrosion and corrosion inhibition processes under 
different flow conditions [3, 4, 61]. EN has also been used to study corrosion processes in 
different types of corrosion systems [108-111] such as: 
• uniform corrosion, 
• pitting corrosion, 
• crevice corrosion, and 
• Stress corrosion cracking. 
 
ZRA 
ECNM EPNM 
WE1 RE WE2 
PC 
 Cell 
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In addition to the above mentioned corrosion types, it has been used in the evaluation of 
corrosion inhibitors and organic coatings [112, 113]. There are two related approaches to 
the measurement of EN which is represented by potential noise and current noise 
measurement. 
 
2.6.3.1. Electrochemical Potential Noise Measurement  
The measurement of the fluctuations in potential of a working electrode (WE) with respect 
to a reference electrode (RE) or the fluctuations in potential between two nominally 
identical working electrodes (WE1 and WE2) is described as electrochemical potential 
noise measurement (EPNM). It is important that the reference electrode used should have a 
lower noise than that the working electrode being measured, as it will be difficult to 
separate the noise of the WE from that of the RE. Instrument noise, aliasing and 
quantization have to be considered carefully [114]. 
The investigation of potential fluctuations is performed to monitor the creation events that 
characterize pitting or stress corrosion cracking processes. In the case of uniform corrosion 
the EPN measurement will not be easy for large specimens, as the power spectral density 
(PSD) of potential noise is believed to be inversely proportional to electrode surface area 
[115].  
2.6.3.2. Electrochemical Current Noise Measurement 
The measurement of electrochemical current noise (ECNM) is generally performed by 
measuring the galvanic coupling current between two nominally identical working 
electrodes (WE1 and WE2). A zero resistance ammeter (ZRA) should be used to ensure 
that the two electrodes are at the same electronic potential [114]. Earlier workers measured 
the ECN as the current of a single working electrode held at a fixed potential. Using 
relatively small electrodes in ECNM is preferred as the larger specimen leads to poorer 
signal-to-noise ratio.   
2.6.4. Advantages of ENM compared to other techniques 
ENM proved to be a very good technique in investigating the corrosion mechanism and 
inhibitor performance [116]. In comparison to other techniques used for corrosion 
monitoring ENM has significant advantages including: 
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• Low cost of equipment. 
• Measurements can be carried out in shorter time than with other techniques. 
• No external perturbation of the corroding system (applied to real structures). 
• ENM can provide easier monitoring of localized corrosion processes. 
• Simple instruments are used and measured data is easy to collect. 
 
2.6.5. Limitations of ENM technique  
Although ENM technique has the above advantages when compared to other 
electrochemical techniques it does have some limitations: 
 ENM doesn’t work with very low conductive electrolytes unless electrode area and 
separation are optimised. 
 ENM can be complicated when many Redox reactions are involved, such as stainless 
steel in alkaline permanganate solution. 
 ENM over-estimates very low corrosion rates. 
 Unwanted noise will be generated by the counter electrode when using a large 
working electrode (WE) and small counter electrode (CE). 
 
2.6.6. Errors and limitations during ENM 
2.6.6.1. Sampling rate 
Figures 2.22 and 2.23 illustrate different sampling rates and it is clear that the higher the 
sampling rate the more accurate the waveform.  
A better representation of the original signal is achieved by a faster sampling rate as more 
points are acquired in a given time. 
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Figure 2.22 Sampling rate effect on the waveform representation 
 
Figure 2.23 are the measured EN signals for a pitting system [117], for A516-70 C-steel in 
HCO3-/Cl- solution with four different sampling rates 0.5, 1, 2 and 20 Hz. 
 
 
Figure 2.23 Sampling rate influence on ENM [117] 
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The nature of the noise signal is lost when the sampling rate is 0.5Hz, but for a sampling 
rate of 20Hz the typical current transients characterizing the metastable pitting processes of 
carbon steel are visible. The maximum frequency that can be accurately recorded is the 
Nyquist frequency (ƒN), which is about half the sampling rate (ƒN=ƒ/2, though, in fact, 
many systems adopt a criterion of ƒN=ƒ/2.5) and the lowest frequency of interest (f0) is 
represented by the inverse of the total period of the time record (bandwidth).   
2.6.6.2. Aliasing 
According to the Nyquist theorem the highest frequency that can be accurately sampled and 
digitally represented is ƒN. Once the sampling rate SR has been fixed, any higher frequency 
components in the signal above ƒN will be misinterpreted by the sampling algorithm and 
‘reflected’ into the spectrum due to a process known as aliasing. The best way to avoid 
aliasing is to adopt a low pass numerical filter that eliminates all signals above fN [118]. For 
a frequency signal ( f ) and a sampling rate (SR), the aliased frequency ( f ′ ) can be 
expressed as: 
 f’ = │f - SR│        (2-30) 
Where; 
 f ′ = aliased frequency (Hz) 
 f  = signal frequency (Hz) 
 SR = sampling rate (Hz) 
Figure 2.24 shows a 5Hz signal that has been sampled at a rate of 4 samples per second 
(4Hz), so that the sampled signal appears to be at a frequency of only 1 Hz, the aliased 
frequency. The theoretical minimum sampling rate for 5 Hz is 10 samples per second. 
 
 
Figure 2.24 Aliasing: a higher frequency interpreted as a lower frequency 
when sampling at too low a frequency (4 Hz): Source [119] 
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The above problem would not have occurred if a low pass anti-aliasing filter had been used 
to remove (filter out) all frequencies above the Nyquist frequency.  
2.6.6.3. Leakage  
Spectral leakage is an error in the Fast Fourier Transform (FFT) that occurs when a signal 
doesn’t end and start at the same value. In other words it is related to discontinuities in the 
signal at the ends of the measurement time. When the FFT of a non-periodic signal is 
computed then the resulting frequency spectrum will suffer from leakage.  
There are at least two different problems caused by spectral leakage; 
1) The spectral component will contain noise from the whole of the rest of the spectrum 
which will degrade the signal to noise ratio. 
2) Smaller signals at different frequencies will be masked by the spectral leakage from a 
large signal component. 
 
To overcome this problem a windowing function can be applied. Figure 2.25 illustrates 
spectral leakage when a non-periodic sine wave signal is transformed without using a 
windowing function.  
 
Figure 2.25 (a) Non-periodic sine wave, and (b) FFT with leakage [120] 
 
 
2.6.6.4. Windowing 
Applying a windowing function reduces the signal at the start and end of the time record to 
zero and enhances on the middle section of the time record data [121]. Windows are used to 
make sure that the desired information is obtained from the spectrum [121]. It is important 
to detrend data before windowing in order to not destroy the benefits of the windowing 
(a) (b) 
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process.  Figure 2.26 shows the FFT spectrum with a reduced leakage when applying a 
Hanning window to the sine wave signal. 
 
 
 
Figure 2.26 Hanning window applied to a non periodic sine  
wave (left) FFT with reduced leakage (right) [120] 
 
 
There are many different types of windowing functions: square window, Welch window, 
Bartlett window and Hanning window. Figure 2.27 shows some windowing functions. 
 
 
Figure 2.27 Various commonly used window functions 
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2.6.6.5. Quantization noise 
When converting continuous analogue voltage or current to a digital form, quantization 
noise is formed in the signal. The converted numbers using an analogue to digital converter 
(ADC) will have a minimum step size or resolution. For example, a 3-digit voltmeter 
reading from -0.999 to +0.999 V has a 1 mV resolution because the error introduced by 
quantization noise is in the range -0.5 to +0.5 mV. A system with 8-bit resolution is 
accurate to one part in 256, 0.39% full scale. Although quantization noise can never be 
avoided, it can be reduced by using a high resolution ADC. The higher the resolution, the 
smaller the detectable voltage changes. The power spectral density quantization noise for 
16-bit converter can be calculated using the following equation: 
Bandwidth12
V
noiseonquantizatiPSD
2
×
∆
=     (2-31) 
Where; 
 ∆V = step size (V) 
162
rangeInputV =∆        (2-32) 
Quantization noise can be measured when the positive and negative terminals of a specific 
channel are short circuited and then short circuited to a ground terminal. The potential noise 
of that specific channel is then recorded. The noise data of the time domain is converted to 
frequency domain by a FFT to achieve the power spectral density, which represents the 
quantisation noise level in this case.  
2.6.7. EN Technique Application on Corrosion Systems 
In the early 1960s the use of EN techniques in corrosion studies were first reported. 
Corrosion systems include the following categories: 
2.6.7.1. Uniform corrosion  
EN measurement is recommended to determine general corrosion rates [122] such as the 
indicated decrease of Rn, Rt and Rp in aerated sodium chloride (NaCl) solutions with time 
as corrosion product films develop.  
 
                                                                                       Chapter 2: Literature Review 
                  
 62 
2.6.7.2. Localized corrosion 
The analysis of EN measurement provides an understanding of pit stage initiation and 
propagation. Detailed information on the processes involved will be provided by analysis of 
individual or a series of transients. 
2.6.7.3. Evaluation of coating 
Using of noise analysis in coating evaluation is considered to be a new EN application 
[122]. There are advantages to the use EN technique in coating applications including; ease 
of application and the simplicity of the EN data. 
2.6.7.4. Inhibition mechanisms 
Potential and current noise data suggest that EN is a useful technique for the evaluation of 
inhibitor film persistency and inhibitor film performance. EN data analysis in the frequency 
domain can give a practical way of characterizing corrosion processes and corrosion 
inhibition mechanisms. 
2.6.8. Electrochemical Noise Analysis 
The first step in EN data analysis is to extract real noise from raw noise on the time record. 
When the transients are not too many and visible, a statistical counting can be used in the 
time series to evaluate the mean. On the other hand when many events occur 
simultaneously and their transients overlap, characteristic parameters of the process can be 
achieved by a spectral analysis of the random signal in the frequency domain. After 
potential and/or current noise time records have been obtained from ENM, several methods 
can be applied for the analysis or interpretation of EN data. However there is not yet an 
agreed best approach when analyzing EN data, as the selection of any approach will 
depend on the type of process being studied. 
2.6.8.1. Analysis of the temporal records  
The time records present the instantaneous potential or current fluctuations as a function of 
time and are considered to be a standard method to record and view data. With experience, 
it should be possible to identify different corrosion mechanisms from raw noise data. EN 
data can be interpreted by investigating and analysing the shape, size and distributions of 
potential or current transients observed during the corrosion processes. Filtering out very 
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low frequency component (dc drift) of noise spectra can be helpful, but it can significantly 
affect the shape of the noise data. It is recommended that the visual examination of the time 
record is the first analysis procedure as it is considered to be a very effective method of 
detecting specific transients such as pit initiation or stress-corrosion cracking. The current 
or potential time records obtained from a conventional potentiostatic and galvanostatic 
techniques can often be analyzed visually, providing information on corrosion processes 
[123-125]. 
When there are clear isolated transients observed in the time record, information about 
pitting may be obtained, as pitting corrosion is usually related to current transients that are 
generated when pits nucleate, propagate and die. 
 
 
Figure 2.28 Potential transients generated during meta-stable pitting of  
carbon steel in 0.5M NaHCO3 + 0.1M NaCl solution [126] 
 
 
Mostly current is considered as the controlling parameter and potential is the response to 
current fluctuations. The volume of the pit is characterized by the charge involved in the 
transient; this charge is indicated by the area under the curve. The transients indicate the 
localized amplitude and frequency of an event, and can be used to identify the mechanistic 
process associated with the corrosion type. Figures 2.28 and 2.29 show typical potential 
and current transients generated in pitting initiation [126]. 
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Figure 2.29 Current transients generated during meta-stable pitting of  
carbon steel in 0.5M NaHCO3 + 0.1M NaCl solution [126] 
 
 
On the other hand, uniform corrosion usually generates spontaneous low-frequency 
fluctuations of potential and current. Gabrielli, et al., [90, 127] reported two types of 
current transients when the time records were analyzed. Type I transients are characterized 
by a slow current growth followed by a sudden drop, and are typical of meta-stable pitting 
of iron and stainless steel [128]. Type II transients are represented by a sudden birth 
followed by a slow recovery and are characteristic of meta-stable pitting of aluminium and 
aluminium alloys [129, 130]. 
2.6.8.2. Statistical analysis 
A range of statistical parameters have been used to analyze the temporal records of EN. 
These parameters are simple and rapid to obtain, they include those listed below. In order to 
avoid the effect of aliasing on these statistical parameters an anti-aliasing filter should be 
used before sampling. 
 
Mean: The mean is defined as the average of data; it is the sum of the data divided by the 
number of pieces of data. The mean potential for time record data is given by: 
 ∑=
=
N
1k
E[k]
N
1E        (2-33) 
Where; 
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 N = Number of measurements in the sample. 
 =E Mean potential (V). 
 E[k] = is the kth measurement of potential. 
 
When measuring the current between two nominally identical electrodes the mean value is 
expected to be zero [131]. 
Variance: The variance is the average value of the square of the amplitude of the potential 
and/or current signals. It is sometimes called the noise power and has the units of V2 and 
A2 [131]. The variance is given by the equation; 
 Variance = [ ] 2)E
1
(1 −∑
=
k
N
k
E
N
       (2-34) 
Where; 
 N = Number of pieces of data, and 
 E[k] = is the kth measurement of potential. 
 
Standard deviation of potential or current: The standard deviation is the square root of 
the variance and has long been considered the most accepted parameter representing 
variation or spread in the amplitude of a signal. The standard deviation is calculated from 
the following equation: 
 
2
N
1k
E )E(E[k]N
1
σ ∑
=
−=       (2-35) 
Where; 
σE = Standard deviation of the potential noise, (V). 
 =E Mean potential, (V). 
 
Hladky (1986) claimed that the corrosion rate r is proportional to the standard deviation 
σE of the potential noise data, with the following relationship: 
 ECr σ×=       (2-36) 
Where; 
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r = Corrosion rate (mpy). 
σE = Standard deviation of the potential noise, (V). 
C = Constant (10-5). 
 
The root mean square: The root mean square (r.m.s) is considered the simplest way of 
measuring the power in a signal and is given by: 
 ∑
=
=
N
1k
2
rms ])k[E(N
1E       (2-37) 
 
The mean, (r.m.s) and the variance are related by the following equation; 
 
22
rms
2 EEE +=         (2-38) 
 
Skewness: Skew or skewness is a dimensionless parameter, describes the degree of 
symmetry of a distribution. A skew of zero indicates a perfectly symmetrical distribution. 
For a continuous Gaussian (normal) distribution the skewness is zero, but with a normal 
distribution of N samples the standard error of the skewness is N6  [132]. Because 
random noise is often assumed Gaussian if a typical noise measurement contained 1024 
samples; the skew standard error would be 0.077, which is relatively large and care should 
be taken when skew is being used in EN analysis. For a sample of N values the skewness is  
 
 
[ ]( )
( ) [ ] 2
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N
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−
∑ −
=
=
      (2-39) 
Where; 
=E Mean potential, (V). 
 N = Number of pieces of data. 
 E[k] = is the kth measurement of potential. 
 
Kurtosis: Kurtosis is the measure of the flatness or peakiness of a distribution and given 
by the equation below. The higher the value of the kurtosis the more likely it is that the 
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variance (r.m.s.) value is due to few large deviations from the mean, the lower the 
kurtosis the more likely it is that the value of the variance (r.m.s.) is due to a more 
frequent but smaller deviations from the mean. A positive kurtosis corresponds to more 
spiky distribution, while a negative kurtosis indicates a flat distribution [115]. To 
normalise kurtosis values to that of the Gaussian distribution an arbitrary 3 is subtracted  
3
X[k]
XX[k]
1N
1Kurtosis Normalized 
N
1k
4
2
−








−
−
= ∑
=
    (2-40)  
 
A high kurtosis is expected to be a result of fast transients and therefore can be used as 
indication of localized corrosion [133].  
Coefficient of variation: is defined as the standard deviation divided by the mean. 
 Coefficient of variation = 
E
E2n
     (2-41)  
Where; 
 
2
nE = potential noise power, (V). 
 E  = potential mean, (V). 
 
It measures the deviation of a variable from its mean and indicates the relative variability of 
a distribution. A large value is associated with large transients and therefore indicates 
localized corrosion. Even though the coefficient of variation was one of the first parameters 
used for the identification of localized corrosion, it has the limitation that a large value 
could be either from a very small mean or from a very large standard deviation. 
Pitting index: According to Kelly et al [134] the pitting index (PI), sometimes known as 
localization index (LI), is calculated from the equation;  
  
r.m.s.
I
I
PI σ=        (2-42) 
Where, 
                                                                                       Chapter 2: Literature Review 
                  
 68 
 σI = standard deviation of current noise. 
 Ir.m.s = root mean square of current noise. 
 
The PI can have values between 0 and 1 and indicates the corrosion type. Eden proposed 
Table 2-2 [134] as illustrative of corrosion types according to the PI range. For PI values 
approaching zero, there is a uniform (general) corrosion and relatively large values of the 
PI correspond to pitting attacks. No inherent advantages are offered by use of the PI, 
because although it is considered an alternative to the coefficient of variation, it suffers 
from the same limitations.  
 
Table 2-2 Corrosion type classifications as correlated to PI [134] 
Pitting index range Corrosion type 
0.001 <PI < 0.01 Uniform corrosion 
0.01 <PI < 0.1 Mixed corrosion 
0.1 <PI < 1 Pitting corrosion 
 
 
Noise resistance: Noise resistance (Rn) is defined as the ratio of the standard deviation of 
potential (σE) to the standard deviation of current (σI) over a fixed period of time [108, 
123]. 
  
I
E
nR
σ
σ
=          (2-43) 
It is recommended to collect data for a long periods of time in order to achieve better 
agreement between the calculated (Rn) from noise data and (Rp) from conventional methods. 
Rn is considered as a direct measure of the change of corrosion rate, especially the uniform 
corrosion rate. Mansfield and Xiao [107] pointed out that the equivalence of Rn and Rp was 
not applicable in all systems. On the other hand, the conclusion by Al-Mazeedi [136] 
confirmed that the correlation between Rn and Rp was almost 1:1, in accordance with some 
of the theoretical and practical work performed previously. 
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2.6.8.3. Spectral analysis 
Spectral analysis is a standard method of analysis typically used to show noise data as 
spectra. The technique is to convert time domain signals into frequency domain spectra 
using an FFT spectrum analyzer. Figure 2.30 shows a sampled signal in the time domain 
transformed into the frequency domain. The sine wave is a pure tone indicated by the 
single discrete peak at 10Hz. 
 
 
Figure 2.30 (a) Continuous10 Hz sine waveform (Time domain), and 
(b) FFT of the sine waveform (Frequency domain)  [120] 
 
The frequencies that form the time domain signal can be identified [137]. The frequency 
domain signal is often considered preferable to the time domain but it does have the 
limitation that oscillations of equal frequency that occur in different times will appear as a 
single peak in the FFT spectrum. This problem can be solved by dividing the time signal 
into segments and the transformation is performed on each segment separately, as shown in 
Figure 2.31. Usually the separation of wanted from unwanted data can be improved by 
applying signal processing technique [138] 
. 
(a) (b) 
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Figure 2.31 Description of the transformation of a signal 
from time to frequency domain [137]  
 
The spectral analysis technique is used to examine whether the noise occurs at specific 
frequencies, and to compare the recorded signal with that intrinsic noise to check if useful 
information is not swamped by system noise. 
 
 
Figure 2.32 STFT method illustration: Source [137] 
  
Power spectral density (PSD): is defined as the power present in various frequency ranges 
(the noise power per unit of frequency), plotted as a function of frequency, and known as a 
power spectrum. The process that estimates the PSD is called “spectral estimation”. Some 
investigators [92] have pointed out that it is common to illustrate the power spectra by the 
plateau amplitude, knee frequency and roll-off slope as seen in figure 2.33. The roll-off 
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slope from small data sets may be lead to a certain characteristic of the corrosion type 
occurring, whereas in larger data sets, the roll-off slope is considered to be unreliable for 
corrosion type discrimination. 
 
 
Figure 2.33 Typical EN power spectra: Source [92] 
 
 
PSD can be written as ψE (V2/Hz) and ψI (A2/Hz) for potential and current, respectively. 
EN data in the frequency domain for mild steel exposed to 0.5M NaCl for 24 hrs [139] for 
potential and current noise is represented below in Figures 2.34 and 2.35, respectively. 
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Figure 2.34 ENP data in the frequency domain for mild 
steel exposed to 0.5M NaCl for 24 hrs [139] 
 
 
Figure 2.35 ENC data in the frequency domain for 
mild steel exposed to 0.5M NaCl for 24 hrs [139] 
 
The transformation into the frequency domain can be used to calculate the noise impedance 
(ψn), obtained by dividing the PSD of the potential (ψE) by that of the current (ψI). 
 Noise Impedance,  
Iψ
Eψ
nψ =      (2-44) 
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Noise spectra can be presented as PSD or as amplitude (dB) plots, in both cases either the 
logarithm of PSD (V2/Hz or A2/Hz) or the logarithm of the dB (V/Hz1/2 or A/Hz1/2) is 
plotted versus the log (Hz). 
As the calculation of PSD depends on the averaging procedure, useful information will be 
lost during the transformation process. In order to avoid the loss of useful data, the noise 
data should be analyzed first as time series data then the real time data converted into 
frequency data. Among the various methods that have been used for the estimation of 
power spectra, two are commonly applied in electrochemical noise measurements: 
Fast Fourier Transform Method: The Fast Fourier Transform (FFT) is a mathematical 
technique widely applied in many branches of engineering and science to transform time 
signals into the frequency domain. It is directly applied for the convolution or 
deconvolution of data. FFT can perform a spectral analysis of the random transients of the 
EN signal and is appropriate for repeated signals, and for data sets with a reasonable 
number of sample points. The spectra produced by FFT are rather noisy (scattered). Figure 
2.36 shows the electrochemical noise data transformed into the frequency domain by the 
FFT method for carbon steel in 0.1 kmol/m3 NaHCO3 solution [140]. 
For digitally sampled data the discrete Fourier transform (DFT) is used. Before computing 
the spectrum, it is recommended to apply trend removal and windowing to the time record 
to avoid introducing spurious or false information into the spectrum. The Welch algorithm 
[11] is an FFT-based method, using averaging of spectra derived from overlapping 
segments of the time-record.  
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Figure 2.36 Potential PSD of carbon steel in 0.1 kmol/m3 
NaHCO3 solution analyzed by FFT [140]  
 
Maximum Entropy Method: The maximum entropy method (MEM) was first reported as 
a prospecting technique by Burg in 1967 [141]. The MEM is a mathematical technique to 
estimate the coefficients of a series of filters applied to white noise. The spectra produced 
by the MEM are smooth compared with those of the FFT. Thus the MEM can cope with 
drift signals without requiring windowing or trend removal.  
The order of MEM corresponds to the number of coefficients of the filter and has an effect 
on the power spectrum. When using MEM, a proper order is to be used which influences 
the power spectrum obtained. The smaller the number of coefficients (order) the smoother 
the spectrum will be [142]. This method has many advantages include easily 
implementation and can be applied to a large class of random signals. MEM has been used 
in the investigations of the pitting of mild steel and aluminium. In a research work by 
Beaunier et al [143], a comparison of a spectral analysis with the MEM and the FFT was 
conducted. Low order of MEM leads to smooth spectra (poor frequency resolution) with a 
few wiggles in the high-frequency range. On the other hand, high order leads to a spectrum 
with many artificial oscillations. However, FFT and MEM are said to be different, but if the 
order of MEM is increased and averaging used to smooth the FFT, then the produced 
spectra by both methods are considered to be identical [143, 144]. A comparison of the 
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PSD analyzed by means of FFT and MEM with different orders [142] is illustrated in figure 
2.37. 
 
 
Figure 2.37 A comparison of potential PSD plots for 316SS in deaerated 0.5M NaCl 
solution analyzed by FFT and by MEM with different orders [142] 
 
Shot noise analysis: Shot noise “Poisson process”, is associated with a randomly 
occurring, brief pulses of charge, the flow of current is an example of this type of process. 
So the charge is the charge on an electron, and the noise current (In) will be the 
instantaneous current minus the mean current. 
 
   2ebII2n =        (2-45) 
Where; 
  =
2
nI mean squared noise current. 
   e  =  charge on the electron. 
   I  =  flowing current. 
  b  =  bandwidth of measurement.  
If the charge in each transient of the dissolution process is considered, the total charge will 
be the charge on the electron times the number of electrons involved in the reaction. 
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The variance of the current is given by: 
   2qIbσ2I =        (2-46) 
 
If we represent the equation (2-46) in terms of the power spectral density of current (ψI) 
then; 
  Q  ψI ≈ b
σ2I
       (2-47) 
    »  ψI = 2qI       (2-48) 
 
The following relationships are provided by shot noise analysis: 
qfI ncorr ×=        (2-49) 
 
fn usually describes the frequency of the events and therefore provides an indication of 
localization of corrosion. At high frequency, corrosion tends to occur all over the surface, and 
consequently is likely to be uniform, thus large fn value corresponds to uniform corrosion, 
while small values to localized corrosion attack.      
 ψI  = 2qI       (2-50) 
 
If we have Icorr from the following relationship, and I is assumed to be equal to Icorr; 
   
P
corr R
BI =  (Stern-Geary equation)   (2-51) 
 
As Rp is assumed to be equivalent to Rn, then the following relationship applies; 
    
n
corr R
BI =        (2-52) 
   
2
n
2
n
n
I
E
R =Q        (2-53) 
 » 
2
n
2
n
corr
E
IB
I =  = 
E
I
ψ
ψ
B      (2-54) 
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From the equations (2-53) and (2-54), three estimated parameters from ENM data are 
obtained: 
• =corrI
E
I
ψ
ψ
B       (2-55) 
• 
2B
ψψ
q IE=        (2-56) 
• 
E
2
n ψ
2Bf =        (2-57) 
 
Transient analysis: The characteristics of the transients that have been detected from the 
time record can be analyzed using curve fitting. Williams and his co-workers [106] 
generally used this approach to determine the various properties of the transients associated 
with unstable pit nucleation and growth on a statistical basis. When interpreting these 
transients care must be taken to differentiate between potential and current transients. For 
instance interpretation of transients associated with unstable pit propagation causes a 
considerable confusion. 
After the pit initiates, it starts to grow and increase of the current drawn by the pit 
corresponds to an increase of its surface area. Finally the rapidly repassivation of the pit is 
possibly caused by collapse of an oxide cap, which may maintain the chemical conditions 
in the pit. When early workers monitored potential noise, they observed transients with a 
sharp rise and a slow decay. The sharp rise was attributed to the process of film rupture, 
while the slow repassivation is represented by slow decay. In fact that sharp rise in potential 
corresponds to the rise in current transient and this current drawn by the pit was supplied by 
the double layer capacitance. Then the recharging of the double layer capacitance is 
responsible for that slow decay, and has nothing to do with the pitting process.  
Drift: The change of the mean potential or current over time is known as drift. It is 
sometimes very difficult to differentiate between drift and noise. Round-drift is applied for 
nonstationary signals; then practically all the standard analysis procedures become 
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unacceptable [115]. A common method to treat drift before spectral estimation is by 
removing it by subtracting the linear regression line from the data. Another method is by 
applying an analog high-pass filter to the signal prior to sampling. FFT is more affected by 
drift than MEM as the signal will appear as a sawtooth signal.  
Chaos Methods: Chaos theory is described as unpredictable (chaotic) behaviour in a 
deterministic system. Many researchers used chaos analysis methods in chemistry and in 
EN investigations. When Legat and Govekar [145] performed EN measurements, they used 
chaos methods as an analysis tool, the conclusion was drawn that this method of analysis 
enabled the distinction of different types of corrosion processes. Furthermore it can be 
assumed that potential noise includes more information about the form of corrosion than 
current noise. The two-dimensional phase space plot of potential noise at different 
corrosion forms is shown in Figure 2.38 [145]. The attractor of potential noise measured 
during passivation process (deionised water) is more or less a straight line (Figure 2.38a), 
while a disordered sets of points represents the attractor of potential noise at uniform 
corrosion (Figure 2.38b).  Finally the two-dimensional phase space of potential noise 
during pitting corrosion showed a multiple of loops as can be seen in Figure 2.38c. 
 
   
Figure 2-38 Two-dimensional phase space plot of 
potential noise at different corrosion forms [145]  
 
    
Due to the non-stationary nature of the measured ECN, Leban and co-workers [146] 
applied spectral and chaos analysis methods to ECN data, they concluded that it was 
impossible to distinguish between the non-active and active cracking periods. Chaotic 
a 
 
b c 
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systems are considered as highly sensitive to small fluctuations that lead to apparent 
random, irregular data. 
 
Wavelet Methods: A wavelet is a waveform of effectively limited duration that has an 
average value of zero. Mathematically, wavelets divide complex (spiky) data into different 
frequency components, separating lower frequency fluctuations from higher ones, as a 
function of time.  
 
 
Figure 2.39 Wavelet analysis of a time domain (stochastic) signal [137] 
 
As can be seen in Figure 2.39 the signal passes from the time domain to the frequency 
domain. It is known that most interesting signals contain many transitory (non-stationary) 
statistical features such as drift, trends, beginnings and ends of events. As these features are 
considered to be a part of the signal and cannot be detected by Fourier analysis, so wavelet 
analysis was introduced.  
The wavelet technique in studying electrochemical noise was reported by Aballe, et al., 
[147]. Smulko, et al., [148] used the wavelet analysis of EN signals to characterize the 
pitting corrosion intensity. In Figure 2.40 an ENM record has been analysed using both 
spectral and wavelet methods [149]. As can be seen from the time record there are two 
transients (between 500s and 600s).  However, it is not easy to extract any useful 
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information from the PSD plot of this record. The energy distribution plot (EDP) showed 
clear characteristics of the time records, the two maxima peaks at d1 and s8 crystals 
suggested that two processes of different scales are taking place. 
 
 
Figure 2.40 (a) ENM current signal of a 304 SS sample after 10 h immersion in 
0.001M FeCl3 solution, (b) PSD of ENM and (c) EDP of the ENM [149]  
 
Essentially the wavelet approach simulates a complex time series by “wave packets”. The 
mathematical properties of this method are very similar to Fourier’s theory and are based 
on orthogonal functions. Wavelet approach was introduced to solve the limitations of the 
FFT and MEM methods for the EN data interpretation [149]. 
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3. Experimental Work 
 
3.1. Introduction 
This chapter details the test materials, electrolytes (test solutions), equipment and 
experimental setup and procedure used in the investigation. Basically, a rotating cylinder 
electrode (RCE) was used to simulate flow conditions. An electrochemical cell was setup 
by immersing the RCE in a sodium chloride test solution with or without sodium nitrite as 
an inhibitor. All tests were carried out at room temperature (20±2°C) and the solutions were 
open to air. Electrochemical measurements (EM), such as the polarization tests and 
electrochemical potential noise (EPN), were made using the RCE cell. Polarization tests 
were carried out at different rates of rotation of the RCE using a computer controlled 
potentiostat. The EPN was measured using a digital multi-meter interfaced with a computer. 
The EPN data so acquired was then transformed using a Fast Fourier Transform (FFT) or 
the Maximum Entropy Method (MEM) to obtain the power spectral density. The EPN 
measurement was carried out at various potentials and at different rates of rotation. The test 
samples were then observed under an optical microscope for evidence of pitting.  
 
3.2. Electrolytes  
All test solutions were prepared from analytical grade reagents and de-ionized water. Test 
solutions were (i) 0.1M NaCl solution (as the base or blank solution) and (ii) 0.1M NaCl + 
0.1M NaNO2. Care was taken to adjust the pH level to 7 using 0.1M sodium hydroxide 
(NaOH) solution. 
  
3.3. Electrodes 
The working electrode (WE) was a cylindrical specimen of 1018 carbon steel with a 
diameter of 1.2cm and a length of 0.8cm, giving an exposed area of 3.015cm2. The 
composition and properties of the steel specimen are given in Table 3-1. A noiseless 
saturated calomel electrode (SCE) was used for the EPN. To apply cathodic potentials for (i) 
hydrogen reduction and (ii) oxygen reduction, a platinum mesh was used as a counter 
electrode (CE). It was placed so as to surround the cylindrical surface of RCE in order to 
achieve a better current density distribution. Then a suitable constant current was applied 
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between WE and CE to obtain a specific potential at the WE with the help of an Applied 
Corrosion Monitoring (ACM) manual potentiostat.  
 
Table 3-1 Carbon steel AISI 1018 composition [2009 eFunda, Inc.] 
Element  Weight % 
Carbon (C) 0.15-0.20 
Manganese (Mn) 0.60-0.90 
Phosphorous (P)  0.040 (max) 
Sulfur (S) 0.050 (max) 
Iron (Fe) Remainder 
 
 
3.4. Specimen preparation 
A few specimens as shown in Figure 3.1 (described below as ‘static electrode’) were 
produced by embedding a carbon steel rod in cold setting epoxy resin; these were used for 
preliminary polarization measurements in a still solution. The electrode surface was 
polished with SiC paper up to 1200 grit, washed with distilled water, degreased with 
acetone, and dried in air.  
Subsequently, a RCE was made from PTFE insulation, see Figure 3.2, and was used as a 
working electrode mounted in a commercial Pine rotator.  
 
 
Figure 3.1 The static electrode that used in preliminary measurements 
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The RCE (WE) as shown in Figure 3.2 has a diameter and height of 1.2cm and 0.8cm, 
respectively. So the surface area exposed to solution is given by; 
hDπA ××=         (3-1)  
Where; 
D = RCE diameter (cm) 
h = RCE height (cm) 
So the RCE surface area is;  
   A = 3.1416 × 1.2× 0.8 
   A = 3.015 cm2 
The RCE is mounted in a Pine rotator, and the electrical connection to the RCE was 
maintained by a set of 4 brushes, which were in contact with the rotating shaft. Two of the 
brushes were used to supply current to the electrode, and the other two to measure the 
specimen potential. 
There was obviously some concern that slight asymmetry of the contact area might lead to 
cyclic variations in the measured potential. However, no peaks were detected in the 
potential noise power spectra at the rotation frequency, and it was therefore concluded that 
brush noise did not contribute unduly to the measured data.  
 
 
Figure 3.2 Rotating Cylinder Electrode  
 
 
Steel rotating shaft PTFE spacers 
End-cap Steel sample 
PTFE 
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The specimens were prepared in the workshop and after having been used they were 
skimmed (again in the workshop using a lathe) to keep the RCE tip concentric and also to 
remove any pits before the RCE was used for the next measurements. Figure 3.3 below 
shows the sample set in the lathe for skimming. 
 
 
Figure 3.3 RCE in lathe set for skimming  
 
 
3.5. Experimental equipment 
3.5.1. ACM potentiostat 
A computer-controlled potentiostat (ACM) was used for cathodic polarization and limiting 
current density measurements. In addition a manual ACM potentiostat was used as a 
galvanostat in order to achieve the appropriate potential of hydrogen evolution and oxygen 
reduction processes. 
 
3.5.2. Flow equipment 
An electrochemical cell of 1 litre contained SCE, CE and the RCE was used for all 
measurements, see Figure 3.4. 
RCE 
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Figure 3.4 Electrochemical cell arrangement 
 
A Pine SMRX speed control rotator was used for all flow measurements. This rotator has 
0-10000 RPM range. Figure 3.5 below is a photo of the RCE apparatus. 
 
 
Figure 3.5 RCE apparatus used for all measurements 
 
 
Saturated 
Calomel 
Electrode 
RCE 
Counter 
Electrode 
RCE 
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3.5.3. Electrochemical Noise equipment 
For EN measurements performed at the low sampling rate of 1Hz a 199 Keithley 
multimeter (DMM) was used to measure electrochemical potential noise. The DMM was 
connected to a PC programmed to acquire and record data via a IEEE488-compatible card 
(GPIB card). The potential noise then was measured as the potential difference between the 
RCE and the reference electrode.  
When measuring at the higher sampling rate (1 kHz) to resolve higher frequencies a NI 
USB 6211 data logger from the National Instruments M Series was used. This device, as 
shown in Figure 3.6, contains a 16-bit A/D converter. Its input ranges are ±10, ±5, ±1 and 
±0.2V (Table 3-2). 
 
 
Figure 3.6 DAQ NI USB 6211 device 
 
 
3.5.3.1. Sampling rate criterion   
The sampling frequency governs how fast the samples are taken and Analog to Digital 
conversion performed. It also defines important features of the measured signal. The 
Nyquist Theorem states that for a sampled analog signal to be successfully reconstructed 
from discreet time samples of the signal, the highest frequency in the samples should not be 
more than one-half the sampling frequency. If samples of the original signal contain 
frequencies higher than the Nyquist frequency then the amplitude of reconstructed signal is 
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higher than the original signal. This is known as aliasing, and to avoid this error the 
sampling rate should be at least twice the highest frequency in the signal, or suitable 
filtering used to eliminate all frequencies in the original signal which are more than twice 
the Nyquist frequency. 
 
3.5.3.2. Equipment resolution 
The input range affects the resolution of any DAQ instrument. For example, a 3-digit 
voltmeter that reads from -0.999V to +0.999V has a resolution of 1mV. A 16-bit ADC 
converts analog inputs into one of 65,536 (=216) codes that is, one of 65,536 possible digital 
values. So, for an input range of ±200 mV, the resolution of a 16-bit ADC is calculated as 
follows: 
 Resolution 162
rangeInput
=       (3-2) 
 Resolution V4.6
2
))mV200(mV200(
16 µ=
−−
=     
It is recommended that when using USB-6211 to choose a smaller input range to improve 
the voltage resolution. Since the fluctuations of the signal are considered to be the most 
important aspect of the electrochemical potential noise (EPN), rather than the absolute 
value of the potential so an off-set circuit (consisting of a battery, a known resistor, a 
variable resistor and a voltage regulator diode (LM 185-2.5)) was used to offset the 
measured potential close to zero in order to achieve a better resolution. The off-set circuit is 
shown in Figure 3.7 below. This is to make sure that the input signal does not go outside 
the ± 200mV range. This range is the best input range because it gives high sensitivity / 
resolution as shown in Table 3-2 below. 
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Figure 3.7 Off-set circuit  
 
 
 
Table 3-2 Input ranges and resolutions of USB-6211 device [NI USB6211 Manual] 
Input range Nominal resolution for USB-6211 
-10 V to 10 V 320 µ V 
-5 V to 5 V 160 µ V 
-1 V to 1 V 32 µ V 
-200 mV to 200 mV 6.4µ V 
 
 
3.5.3.3. Instrument noise 
Some noise is unavoidable: for example noise that originates from connections and 
connecting wires, noise that originates within the circuitry of the instruments being used. 
The noise associates with electronic components are known as shot noise and thermal noise. 
At higher frequencies instrument noise, or what is known as quantization noise, becomes 
dominant and a high frequency plateau may be produced that has nothing to do with the 
electrochemical system being investigated. Therefore, the USB 6211 device was tested for 
its quantization noise level before it was used in the investigation. Figure 3.8 shows the 
pinout of the USB-6211For this testing, see (Figure 3.8) positive and negative terminals 
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(AI1+ & AI1-) of Channel 1 of the ADC were short-circuited and these were then short 
circuited to a ground terminal (AO GND). 
 
 
 
 
Figure 3.8 DAQ NI USB 6211 Pinout 
 
 
In order to compare the noise level that would be expected from the different test systems, 
the impedance of the instrument was tested using 5 resistors of different values (100Ω, 1kΩ, 
10kΩ, 100kΩ and 1MΩ). The USB 6211 was then connected to the PC and the potential 
noise of Channel 1 was recorded for an hour. The noise data as measured in the time 
domain was then converted to the frequency domain using a FFT to obtain power spectral 
density. Theoretical quantization noise can be calculated using the following formula: 
Bandwidth12
2∆V
onQuantizati
×
=      (3-3) 
 
The calculated quantization noise and instrument noise are presented in results section in 
chapter 4 the results. 
 
3.5.3.4. Brush noise Test 
As there was concern that the RCE’s brushes might be an addition source of noise, 
electrical measurements were made at different rotation speeds (0, 10 and 1000 RPM). The 
 
Channel AI1 A0 GND 
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RCE has 4 brushes and the top two were connected to the negative terminal of Channel 1 
(AI1-) and the bottom two connected to the positive terminal of Channel 1 (AI1+) and short 
circuited to a ground terminal (AO GND). The electrical potential noise readings were 
recorded under static and at two rotation speeds, 10 and 1000 RPM for 1 hour using the 1 
kHz sampling rate.  
 
3.6. Measurement procedure 
3.6.1. Corrosion potential   
In order to understand the behaviour of the carbon steel specimen in 0.1M NaCl at a pH 
level of 7, the electrode was immersed in the test solution for 24 hours and the corrosion 
potential monitored. Subsequently the potential was swept from -1250mV to 0mV at 
10mV/min and the polarization potential was recorded. Also the free corrosion potential of 
the RCE in base (0.1M NaCl) solution and in a solution containing inhibitor was measured 
at different rotation rates. 
3.6.2. Cathodic Polarization   
Cathodic polarization tests were conducted on the 3-electrode cell with RCE as WE, SCE 
as RE and platinum mesh the CE, using a computer-controlled ACM potentiostat. The 
potential was swept from -1250mV to -600mV that close to open circuit potential (≈ OCP) 
at 10mV /min and the polarization recorded at different rotation speeds.  
 
3.6.3. Limiting Current Density at Different Flow Rates 
Prior to beginning the ENM, a calibration of the mass transport properties of the electrode 
was carried out. Then the limiting current density for oxygen reduction as a function of 
rotation speed was measured. The specimen was immersed in the test solution and then 
potentiostatically controlled at the required potential values, while the cathodic current was 
recorded simultaneously. The potential was held at -1000mV for 5 minutes and current was 
measured at different rotation rates for 5 minutes. These measurements were intended to 
find out at what RPM the flow conditions become turbulent. This was necessary to 
distinguish EN from noise resulting from turbulent flow. 
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3.6.4. Electrochemical noise measurement 
To investigate the influence of flow on the corrosion processes and indirectly on the 
measured EN, a range of hydrodynamic conditions were employed using the RCE. The 
potential fluctuations associated with hydrogen evolution and oxygen reduction processes 
have been measured. Depending on the required process a galvanostat was used to supply a 
constant cathodic current to the RCE. Finally the free corrosion potential fluctuations in 
blank and inhibited solution were measured at free corrosion potential conditions. 
3.6.4.1. Electrode under galvanostatic control 
A conventional three-electrode electrochemical cell contained 1 litre of test solution was 
used. RCE (WE) and SCE (RE) were connected to a sensitive DMM (Keithely) and a 
platinum mesh electrode (CE) was connected to a manual ACM potentiostat. The ACM 
potentiostat was used as galvanostat to control the potential at the RCE surface and to 
supply the desired galvanic current at the RCE. Thus the potential of the tested electrode 
(RCE), which was relative to SCE electrode, was controlled for the hydrogen evolution or 
oxygen reduction processes. The Keithley DMM was connected to a GPIB card installed in 
a PC programmed with LabVIEW software (graphical programming language) used to 
acquire and record electrochemical potential noise data.  
The ACM potentiostat was adjusted to supply a galvanic current of 3.5mA between WE 
and CE. This is equivalent to applying a cathodic potential of -1250mV (SCE) to the WE.  
 
 
DMM Rotator 
Potentiostat 
Cell 
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Figure 3.9 Equipment for electrochemical noise measurements 
 
Then electrochemical potential noise of the RCE was recorded, first in a stationary 
condition and then rotating at different speeds. The sampling frequency was 1Hz.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 Experimental arrangements for EN recording under galvanic current 
 
 
The experimental set up to record EPN of the RCE under galvanostatic control is shown 
schematically in Figure 3.10. 
To sample at a higher rate (1 kHz) a USB 6211 device from National Instrument was used. 
A constant current of  1.16mA/cm2 was applied for stationary conditions (0 RPM) to 
achieve -1250mV (hydrogen evolution process), while at 1000 RPM a constant value of 
2.60 mA/cm2 was needed to maintain a potential of -1250 mV at the RCE. On the other 
hand to achieve a -900mV (oxygen reduction process) at the RCE surface, constant current 
values of 0.036 mA/cm2 and 0.83 mA/cm2 were applied at 0 RPM and 1000 RPM 
respectively. Thus, depending on the desired rotation speed and on the required process a 
certain current was needed to achieve the desired potential at the RCE. The RCE was then 
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allowed to stabilize for 40 minutes. The electrochemical potential noise of the RCE was 
then recorded for one hour. [151]   
3.6.4.2. Electrode in freely corroding condition 
In order to avoid any other source of unwanted noise, measurements were performed at 
open circuit (i.e., when the external current is zero). Figure 3.11 below illustrates the freely 
corroding condition arrangement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 Experimental arrangements in free corroding conditions for EN recording 
 
 
During measurements of potential noise at open circuit potential conditions, a base solution 
of 0.1M NaCl and two different concentrations of an inhibited solution were used as test 
solutions.  A conventional cell was used which contained the RCE as WE and SCE as RE.  
The RCE was immersed in solution and 40 minutes allowed for the potential to stabilize. 
The electrochemical potential noise of the RCE against RE, was recorded for one hour 
using a National Instrument USB 6211 data logger at 1kHz sampling rate.  
 
 
 
WE 
(RCE) 
RE 
Rotator 6
21
1 
U
SB
 
Cell 
Faraday 
cage 
Offset 
circuit 
 
  Chapter 4: Results 
 
 95 
 
 
 
 
 
 
Chapter 4 
 
 
 
 
Results 
 
 
 
 
 
 
 
 
 
 
  Chapter 4: Results 
 
 96 
4. Results 
4.1. Corrosion potential and Polarization curve 
The freely corroding potential (open-circuit potential) of the working electrode was 
measured relative to a SCE after it was immersed in the test solution of 0.1M NaCl (pH=7). 
To monitor its free corroding potential, it was immersed for 24 hours in the test solution 
and the potential recorded each hour. From Figure 4.1, it is clear that the electrode potential 
reached a steady state after about 3 hours of immersion in the test solution.  
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Figure 4.1 Free corrosion potential of mild steel in 0.1M NaCl (pH=7) 
 
 
 
The electrode corrosion potential (ECorr) was obtained for the mild steel RCE immersed in 
0.1M NaCl and 0.1M NaCl + 0.1M NaNO2 (inhibitor) solutions for different rotation 
speeds (0, 50, 100, 200, 500 and 1000 RPM). It is clear from Figure 4.2 that the measured 
values of ECorr in 0.1M NaCl and in 0.1M NaCl with inhibitor added, increase with rotation 
rate. The measured ECorr corresponding to the 0.1M NaCl solution increased from -520 mV 
at stagnant (0 RPM) to -433mV at 1000 RPM (equivalent to 8.5 × 103 Re). On the other 
hand ECorr of the inhibited solution increased from -135 mV to -115 mV at 0 and 1000 RPM, 
respectively. 
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Figure 4.2 ECorr as a function of different rotational speeds (RPM) of the RCE 
 in 0.1M NaCl and in 0.1M NaCl+0.1M NaNO2 solutions  
 
A period of 1 hour was allowed after the electrode was immersed in the test solution for the 
corrosion potential to stabilize before measurements were made, the electrode potential was 
then swept from -1200 mV to 0 mV (scanning rate = 10 mV/min) and the polarization 
curve was  obtained as in Figure 4.3. 
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Figure 4.3 Polarization curve of mild steel in 0.1M NaCl at pH=7 
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4.2. Flow calibration 
In order to study the influence of flow on the corrosion and indirectly on the measured 
electrochemical noise the hydrodynamic conditions of the RCE must be well-defined.  
 
4.2.1. Dimensionless group analysis 
The experimental data obtained when using a RCE is usefully expressed in dimensionless 
quantities including: 
• Reynolds number (ReRCE.), defines the relative flow velocity. 
• Sherwood number (Sh), identifies the mass transfer coefficient. 
 
The speed (URCE) at the outer surface of the RCE is calculated using: 
 
60
FdπU RCERCE
××
=        (4-1) 
Where; 
URCE
 
= the peripheral speed of the RCE (m/s) 
  dRCE = the diameter of the RCE (m) 
  F = Rate of rotation of the RCE (RPM) 
 
Reynolds number, ReRCE, of the RCE which defines the relative flow velocity, is considered 
to be a very important parameter in this flow study is given by: 
µ
ρ××
=
RCERCE
RCE
dURe        (4-2) 
Where; 
ρ = density of the solution used (kg/m3) 
µ = dynamic viscosity of the fluid solution (kg/m.s) 
 
Equation 4-2 can be applied for both laminar and turbulent flow; at low Reynolds number 
laminar or stable flow is encountered, at a critical Reynolds number there is a transition to 
turbulent flow, and at high Reynolds number the flow is turbulent. The Re was calculated 
for different rotation speeds using a solution density of 1.0023g/cm-3 (1002.3kg/m3) and a 
viscosity of 0.00891 g/cm.s (0.000891kg/m.s) [150]. 
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So at 50 RPM, for a RCE of diameter 12mm: 
60
501021πU
3
RCE
×××
=
−
= 0.03142 m/s 
And 
000891.0
3.1002101203142.0Re
3 ×××
=
−
RCE = 424 
 
The wall shear stress at the RCE induced by turbulent flow is calculated following using 
Eisenberg [20, 21]: 
2
cyl
3.0
cyl uRe0791.0 ××ρ×=τ −        (4-3) 
 
Relevant hydrodynamic parameters for the rotating cylinder were calculated at different 
rotation rates and are shown in Table 4-1. 
 
 
Table 4-1 Calculated hydrodynamic parameters of RCE 
Rotation Rate (F) 
(RPM) 
Surface Velocity (Ucyl) 
(cm / sec) 
Wall shear stress (τcyl) 
(g cm-1 s-2) 
Reynolds number (Re) 
5 0.31 - 42 
10 0.63 - 85 
20 1.26 - 170 
30 1.88 0.0543 254 
40 2.51 0.0886 339 
 50 3.14 0.1295 424 
75 4.71 0.2579 636 
100 6.28 0.4206 848 
200 12.56 1.3666 1696 
500 31.42 6.4884 4241 
1000 62.83 21.081 8482 
2000 125.7 68.492 16963 
 
 
 
Cathodic polarization curves for oxygen reduction in 0.1M NaCl were obtained while the 
RCE potential was held at -1200 mV for 20 minutes and then swept to -600 mV (10mV/m) 
at different RPMs. As expected, the increase in rotation rate results an increase in limiting 
current density, see Figure 4.4.   
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Figure 4.4 Cathodic polarization curves as a function of different rotation rates 
 
In order to detect the transition from laminar to turbulent flow, the RCE potential was held 
at -900 mV for 5 minutes and current densities were recorded at different rotation rates (0, 
5, 10, 15, 20, 30, 40, 45 and 50 RPM). In order to investigate the oscillations associated 
with current densities plot of current density was measured as a function of time at different 
rotation speeds, see Figure 4.5. It can be seen that the current density decreases with 
increase in rotation rate up to 30 RPM. For speeds higher than 30 RPM the current density 
appears to level off, and oscillations in the current density increase.  
 
Up to about 20 RPM the current densities stabilize quite rapidly, by about 20 seconds. On 
the other hand at rotation speeds 30 RPM and greater irregular oscillations appear. These 
oscillations also appear to increase with increased rotational speed. For stagnant conditions 
and low rotational speed (e.g. 5, 10, and 15 RPM) the curves are smooth and no spikes. At 
a ReRCE of about 200, the flow around the cylinder is in transition from laminar to turbulent, 
and we see that at 30 RPM there are definite fluctuations of the curve indicating turbulent 
flow around the cylinder. At rotational speed above 30 RPM the oscillations are clear.  
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Figure 4.5 Current density versus time at different rotation speeds 
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Figure 4.6 Mean current densities at different rotation rates of RCE 
 
 
As a check on the transition from laminar to turbulent flow the average current density for 
the last 150 seconds was taken and plotted against flow rate, see Figure 4.6.   It can be seen 
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that there is a “step” in the plot indicating the transition from laminar to turbulent flow 
occurred at about 25 RPM. 
The boundary layer thickness (δ) is calculated from the equation; 
limi
CDFn ×××
=δ         (4-4) 
Where; 
 δ = Boundary layer thickness (m) 
 ilim = limiting current density (A/m2) 
 n = Number of electrons   
 F = Faraday constant (96500 C/mol) 
 C = Ion or molecule bulk concentration (mol/m3) 
 D = Diffusion coefficient of ion or molecule undergoing mass transport (m2/s). 
The boundary layer thickness then was calculated at different current densities 
corresponding to different rotation rates, see Figure 4.7. The boundary layer thickness (δ) 
decreased with the increase of rotation rates and that corresponds to the increase of the 
amount of oxygen delivered by the flow rate to the RCE surface as the electrode rotation 
speed was increased.  
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Figure 4.7 Current density (i) and boundary layer thickness (δ) 
as a function of rotational speed of the RCE 
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Mass transfer coefficient (Km) to a rotating cylinder electrode was calculated at different 
rotation speeds using the most common accepted description [20, 21]:  
 
7.0
cyl
644.0344.03.0
clym UD)(d0791.0K ++−− ××ρµ××=    (4-5) 
Where; 
 Km = Mass transfer coefficient (m/s) 
dcyl = RCE diameter (m) 
 µ = solution viscosity (kg/m.s) 
 ρ = solution density (kg/m3) 
 D = Diffusion coefficient (m2/s) 
 Ucyl = Cylinder linear velocity (m/s) 
 
The mass transfer coefficient (Km) was also calculated from the measured limiting current 
at different rotation rates using: 
CFn
iK limm
××
=         (4-6) 
Where; 
 Km = Mass transfer coefficient (m/s) 
 ilim = limiting current density (A/m2) 
 n = Number of electrons 
 F = Faraday’s constant (96500 C/mol) 
 C = Ion or molecule bulk concentration (mol/m3) 
 
The Sherwood number (Sh) was calculated at different rotation speeds (different ReRCE) 
using the following equation due to Eisenberg [20, 21]: 
0.3560.7 ScRe0.0791Sh ××=        (4-7) 
Where; 
ReRCE = Reynolds number 
Sc= Schmidt number (
D
Sc ν= ) 
 D = Diffusion coefficient (m2/s) 
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 ν = kinematic viscosity (µ/ρ) (m2/s) 
 
The RCE mass transfer coefficient values calculating following Eisenberg [2, 3] and those 
calculated from the measured limiting current densities are tabulated in Table 4.2 below. 
 
Table 4-2. Mass transfer coefficients calculated from measured 
limiting current and calculated at different rotation rates 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The mass transfer coefficients tabulated in Table 4-2 are shown graphically in Figure 4.8. It 
is clear from Figure 4.8 that a linear relationship between Km and ReRCE was obtained. The 
two values of Km from the measured ilim and that of calculated from the rotation rates show 
a good correlation.  
 
RPM ReRCE ReRCE0.7 Calculated Km 
(cm/s) 
Measured Km  
(cm/s)
 
Sherwood 
number 
(Sh) 
0 0 0 0 6.22 x10-4 0 
10 85 22.42 2.59 x10-4 7.25 x10-4 16 
20 170 36.42 4.21 x10-4 9.02 x10-4 25 
30 254 48.24 5.57 x10-4 10.48 x10-4 33 
50 424 69.05 7.98 x10-4 11.52 x10-4 48 
100 848 112.17 12.96 x10-4 15.16 x10-4 78 
200 1696 182.22 21.05 x10-4 21.30 x10-4 126 
500 4241 346.12 39.98 x10-4 41.28 x10-4 240 
1000 8482 562.28 64.95 x10-4 68.44 x10-4 390 
2000 16963 913.38 105.52 x10-4 110.70 x10-4 633 
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Plot 4.8 Mass transfer coefficients from measured ilim and calculated from ReRCE 
 
 
4.3. EN Results 
4.3.1. Analysis in the time-domain 
Analysis of the electrochemical noise data can be performed in the time-domain by 
investigating the shape, size and the distribution of the potential fluctuations observed 
during the measurement period. 
 
Time records 
Part I 
In this part, measurements were performed using a sensitive DMM for 5 hours with a 
sampling rate of 1Hz. The potential of the RCE was controlled for hydrogen evolution (≈ -
1200 mV) by applying a galvanic current between the RCE and CE.  Only the last two 
hours were considered for the interpretation to minimize any initial transients and to allow 
visual inspection of the plotted data. Figure 4.9 shows the detrended electrochemical 
potential noise for 100 seconds of the RCE immersed in 0.1M NaCl under stagnant 
conditions and at different rotation rates.  
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Figure 4.9 Potential signal recorded in the time-domain under static and different rotation 
speeds for an applied galvanic current of -3.5 mA (1Hz sampling rate) 
 
It is clear that for static and low flow conditions there were no fluctuations detected but as 
the rotation speed increased gradually, potential transients started to appear.  
 
Part II 
Measurements were repeated using a USB6211 data logger with a sampling rate of 1 kHz. 
An ACM potentiostat was used as a galvanostat to supply the required constant cathodic 
current in order to maintain the specific potential for the required process at the RCE 
surface. In the figures, the time records for the rotation rates used are offset in the y-axis, 
and the rotation rates increase from 0 RPM to 1000 RPM. Because of the increase in the 
sampling rate by a thousand fold a shorter period of the potential-time record was sampled, 
but this had the advantage that relatively high frequencies present in the noise associated 
with rotation could be seen. 
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In the power spectra being checked, the electrochemical noise appears to be mainly below 
10 Hz so the time-domain signals for all processes have been subjected to suitable low-pass 
filtering and the data points were reduced using decimation, to produce time records of 60 
seconds and 1 hour, respectively. 
 
For the 60 second and full time record (≈ 1 hour) plots the data was processed using the 
Matlab decimate routine to reduce the number of points in the period of the plot to 1000 
points (this routine applies a low-pass software filter before decimation in order to prevent 
aliasing). The 1 second and 1 minute plots start after ½ hour (i.e. at the mid-point of the one 
hour record).  
 
Figures 4.10-4.21 show typical Detrended potential vs. time records for the different 
process at different time periods for a range of rotation speeds.  
 
 
Figure 4.10 Detrended potential-time records for the hydrogen evolution 
process (-1250mV) under static conditions and for different rotation rates 
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Figure 4.11 Detrended potential recorded for 60 seconds under static conditions and 
for different rotation rates for the hydrogen evolution process (-1250mV) 
 
Figure 4.10 shows the time record for 1 second of the hydrogen evolution process. It is 
clear that under laminar flow (low rotation rates, RPM ≤ 20) fluctuations with only very 
low amplitudes were detected.  Figure 4.11, the time record for 1 minute, confirms that 
larger amplitude fluctuations appeared at rotation rates of 50 RPM and above, and under 
stationary and low rotation speeds (laminar flow) only very low amplitude fluctuations 
were seen.  
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Figure 4.12, the time record for 1 hour, for no rotation and low rotation rates the evolution 
of bubbles did not show a significant effect on the measured potential fluctuations.  
 
 
Figure 4.12 Detrended potential recorded for 1 hour under static conditions and 
for different rotation rates for the hydrogen evolution process (-1250mV) 
 
 
Figure 4.13 shows the detrended potential recorded for 1 second under static conditions and 
for different rotation rates for the oxygen reduction process (-900 mV). Note that the scale 
used on the Detrended potential for of the oxygen reduction process plots (Figures 4.13-
4.15) has to be much larger compared to other processes potential-time records plots.  
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Figure 4.13 Detrended potential recorded for 1 second under static conditions and 
for different rotation rates for the oxygen evolution process (-900 mV) 
 
For the oxygen reduction process when the time record was decimated using a decimation 
factor of 60 (Figure 4.14) the shape of the plots were very similar to those for hydrogen 
evolution (Figure 4.11). No fluctuations were detected at stationary and low rotation speeds, 
while at higher rotations larger amplitude fluctuations appeared as the rate of rotation was 
increased. 
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Figure 4.14 Detrended potential recorded for 60 seconds under static conditions and 
for different rotation rates for the oxygen evolution process (-900 mV) 
 
 
Figure 4.15 Detrended potential recorded for 1 hour under static conditions and 
for different rotation rates for the oxygen evolution process (-900 mV) 
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Figure 4.15 shows the time records for oxygen reduction at different rotation speeds for a 1 
hour period. The influence of higher rotation speeds on the measured potential amplitude 
was very clear at 50 RPM and higher rotation speeds.  
 
Figures 4.16-4.18 shows the potential-time records for the free corrosion potential under 
static conditions and at different rotation speeds. 
 
 
Figure 4.16 Detrended potential recorded for 1 second under static conditions and 
at different rotation speeds for the free corrosion potential 
 
When EN was measured in 0.1M NaCl at free corrosion potential under static conditions 
and at different rotation speeds, the influence of the flow velocity appeared when the speed 
of rotation increased above 50 RPM.  
 
As can be noticed from both Figure 4.17 under no rotation and at low rotation speeds there 
were no fluctuations detected. The effect of flow developed clearly at intermediate rotation 
0 rpm 
10 rpm 
20 rpm 
100 rpm 
500 rpm 
1000 rpm 
50 rpm 
  Chapter 4: Results 
 
 113 
speeds (50 and 100 RPM) and with further increase of rotation speed there was no change 
in the characteristics of the measured EN.  
 
 
Figure 4.17 Detrended potential recorded for 60 seconds under static conditions and 
at different rotation speeds for the free corrosion potential 
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Figure 4.18 Detrended potential recorded for 1 hour under static conditions and 
at different rotation speeds for the free corrosion potential 
 
In order to assess the influence of fluid flow when inhibiter solution was present, 
electrochemical potential noise measurements were made with an inhibited solution (0.1M 
NaCl + 0.1M NaNO2).  Figures 4.19-4.21 show the detrended potential vs time records for 
the RCE potential in inhibited solution under static conditions and at different rotational 
speeds. 
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Figure 4.19 Detrended potential recorded for 1 second under static conditions and 
at different rotation speeds in the presence of inhibitor solution 
 
 
It is clear from figure 4.19 that the influence of flow on the measured potential started to 
appear at 50 RPM and above.   On the other hand it can be noticed from Figures 4.20 and 
4.21 that despite increasing the rotation speed the characteristics of the measured EN were 
unaffected and only very limited fluctuations were observed for all rotation speeds.   
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Figure 4.20 Detrended potential recorded for 60 seconds under static conditions and 
at different rotation speeds in the presence of inhibitor solution 
 
 
Figure 4.21 Detrended potential recorded for 1 hour under static conditions and 
at different rotation speeds in the presence of inhibitor solution 
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4.3.2. Spectral analysis 
As was mentioned earlier in the literature review, when many events (transients) overlap, it 
is recommended that the data is analyzed using spectral analysis. Thus an FFT was used to 
transform the time-domain data the frequency-domain and Power Spectral Density (PSD) 
curves were plotted.  
 
4.3.2.1. Instrument noise  
Figure 4.22 shows the PSD of a 16-bit ADC when five different resistors (100Ω, 1KΩ, 
10KΩ, 100Ω K and 1MΩ) were connected across the positive and negative terminals (AI1+ 
& AI1-) of channel 1. It is clear from Figure 4.22 that the PSD for the 100 Ω and 1KΩ 
resistors overlap and show almost the same noise level (≈ 8×10-12V2Hz-1).  
 
 
Figure 4.22 Instrument noise level for five different resistors  
(100Ω, 1KΩ, 10KΩ, 100Ω K and 1MΩ) 
 
 
For a 16-bit ADC (USB 6211) when using a sampling rate of 1 KHz and input range of 
±200 mV the quantization noise is calculated as follows: 
 
Bandwidth
V
noiseonQuantizati
×
∆
=
12
)][( 2
    (4-8) 
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Where; 
∆V = Quantization step size (V) 
» 162
rangeInputV =∆        (4-9) 
Input range = ±0.2V = 0.4V       
 





=∆ 162
4.0V  
 
2
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4.02V 
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



=∆  
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2
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2
rateSamplingBandwidth ===      
Therefore; 
1215
216
106
50012
)2/4.0(
−−×=
×
= HzVnoiseonQuantizati   
 
The potential noise fluctuations levels obtained from instrument noise tests can be 
considered as a baseline against which to compare the ENM obtained. The measured 
instrument noise level, obviously, is much lower than that of the electrochemical systems 
studied.  
 
4.3.2.2. Brush Noise  
The top and bottom two brushes were connected to negative and positive terminals of 
channel 1, respectively. The recorded potential noise data then transformed to frequency 
domain to produce a PSD plot, see Figure 4.23, which represents the noise level of the 
bushes when rotating at 1000 RPM.   
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Figure 4.23 Brush noise level at 1000 RPM  
 
 
4.3.2.3. Analysis in the frequency domain 
All of noise data were transformed from time domain to the frequency domain using the 
Welch algorithm [11]. This is an FFT-based method, using averaging of spectra derived 
from overlapping segments of the time-record. When using the Welch algorithm the 
segment length was 65536 and a 50% overlap was applied. EN data were detrended and a 
hann window was applied. 
 
Part I 
In this part the potential of the mild steel RCE in 0.1M NaCl was measured in the hydrogen 
evolution region (≈ -1250mV) under static conditions and at different rotation speeds. The 
time-domain was sampled at 1Hz (see Figure 4.9) and the corresponding power spectral 
plot is shown in Figure 4.24 using the Welch method with a segment length of 1024 and a 
50% overlap.  
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Figure 4.24 PSD of mild steel exposed to 0.1M NaCl under static conditions and 
at different rotation speeds (at -1250 mV and sampling rate 1Hz) 
 
At lower frequencies, the power spectral densities were similar at most rotation rates but 
above a frequency of about 3x10-3Hz, the amplitude of the PSD increased as the rotation 
rate increased, indicating the influence of turbulent flow on the measured noise.  
 
Part II 
The second part includes all measurements that were performed under different conditions 
(processes).  The RCE potential was measured in 0.1M NaCl solution when a galvanic 
current was applied between the RCE and CE for hydrogen evolution and oxygen reduction 
processes and for the free corrosion potential. This part also contains measurements of the 
free corrosion potential of the RCE immersed in inhibitor solution. 
 
In all cases EN data were recorded using a sampling rate of 1 kHz, and, as mentioned above, 
a 65536 segment length was used with 50% overlapping and after the data were detrended a 
hann window was applied. Figure 4.25 shows the PSD of potential noise for the hydrogen 
evolution process at different rotation rates. It is clear that as the rotation speed was 
increased there was a significant increase in the PSD. At the highest rotation speeds (500 
and 1000 RPM) a plateau begins to take shape at about 10-6V2Hz-1 for the lower 
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frequencies (below about 2Hz), while at the higher frequencies (above about 30Hz) the 
PSD for all speeds appears to converge at about 10-10V2Hz-1.  
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Figure 4.25 Potential PSD for mild steel exposed to 0.1M NaCl  
solution for hydrogen evolution conditions (-1250mV) under static 
conditions and at different rotation speeds (sampling rate 1kHz) 
 
 
In the case of oxygen reduction process (Figure 4.26) there is somewhat similar general 
behaviour to that observed in Figure 4.25 with several important differences: the magnitude 
of the PSD signal is initially larger, that the low frequency plateau is not so clearly defined, 
and the convergence at higher rotation rates is much less pronounced. 
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Figure 4.26 Potential PSD for mild steel exposed to 0.1M NaCl solution  
for oxygen reduction conditions (-900 mV) under static conditions and 
at different rotation speeds (sampling rate 1kHz) 
 
The PSD obtained for 0.1M NaCl solution at the free corrosion potential is shown in Figure 
4.27.  
 
 
Figure 4.27 Potential PSD for mild steel exposed to 0.1M NaCl 
solution at free corrosion potential under static conditions and 
at different rotation speeds (sampling rate 1kHz) 
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The same general shape as obtained in Figures 4.25 and 4.26 is preserved. At low 
frequency (less than 1Hz) a moderate increase in PSD is observed at intermediate rotation 
rates (50 and 100 RPM), but with further increase in speed of rotation, the PSD decreases. 
Again, all the curves appear to coalesce at a value of about 10-10V2Hz-1 for frequencies 
above about 3Hz. 
Figure 4.28 shows the PSD for the potential fluctuations of the RCE measured in the 
presence of inhibitor solution. It can be seen that the effect of rotation rate on the noise 
power spectra was very limited. 
 
 
 
Figure 4.28 Potential PSD for mild steel exposed to inhibitor solution  
(0.1M NaCl + 0.1M NaNO2) at the free corrosion potential under static  
conditions and at different rotation speeds (sampling rate 1kHz) 
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4.4. Optical micrographs 
At the end of selected measurements (under static and at 500 RPM), the RCE was inspected 
using an optical microscope. Figures 4.29-4.32 show the micrographs of the RCE of the 4 
processes. All inspected samples were immersed for 40 minutes plus 60 minutes the 
measurement period, that’s approximately (100 min). 
 
 
 
 
Figure 4.29 Optical micrographs of mild steel RCE surface in 0.1M NaCl for the 
hydrogen evolution regime (a) under static conditions (b) for 500 RPM 
 
 
In Figure 4.29 it is clear that for both static conditions and 500 RPM the RCE surface was 
unaffected as a cathodic current was applied to maintain -1250 mV at the RCE surface.  
 
 
 
 
Figure 4.30 Optical micrographs of the RCE surface for 0.1M NaCl for the oxygen 
reduction regime (a) static conditions (b) for 500 RPM 
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When RCE was maintained under the oxygen reduction regime (Figure 30), the electrode 
surface under static was clean and as the rotation increased to 500 RPM possibly a few pits 
appeared on the surface. 
 
 
 
 
 
Figure 4.31 Optical micrographs of mild steel RCE surface in 0.1M NaCl at free 
corrosion potential (a) static conditions (b) for 50 RPM 
 
 
Figure 4.31 represents the electrode surface immersed in 0.1 M NaCl at free corrosion 
potential. General corrosion and corrosion products can be seen from Figure 4.31 (a); while 
in Figure 4.31 (b) occurrence of pitting can be observed. 
 
 
  
 
Figure 4.32 Optical micrographs of the RCE surface in inhibitor solution (0.1M NaCl + 
0.1M NaNO2 (a) for static conditions (b) for 500 RPM 
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When measured the potential of the RCE at free corrosion in inhibited solution (Figure 4.32) 
in both cases, under static and at 500 RPM no corrosion was noticed.  
 
4.5. Reproducibility 
In order to check the reproducibility of data, measurements have been repeated several 
times. Some examples are given below that illustrate data reproducibility. In order to check 
the reproducibility of the free corrosion potential data three tests were performed and the 
results are presented in Figure 4.33. It is clear that data was reproducible. 
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Figure 4.33 Reproducibility of corrosion potential of three tests  
 
The experiment to measure current density as a function of rotation speed was performed 
four times. This also allowed confirmation of the rotation speed at which the transition 
from laminar to turbulent flow took place. The four sets of data are plotted in Figure 4.34 
where good agreement between the data sets can be seen. 
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Figure 4.34 current densities at different rotation speeds (4 tests) 
 
 
The PSD plots for the potential fluctuations of the RCE (Figures 4.35 and 4.36) illustrate 
the reproducibility of the potential fluctuations for mild steel exposed to 0.1M NaCl 
solution for hydrogen evolution and oxygen reduction conditions, respectively. 
 
 
Figure 4.35 PSD of 3 tests for the RCE exposed to 
0.1 M NaCl solution in hydrogen evolution at 500 RPM  
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The plotted potential fluctuations spectra in both Figures 4.35 and 4.36 indicate a very good 
agreement among the three sets of data. 
 
 
Figure 4.36 PSD of 3 tests for the RCE exposed to 
0.1 M NaCl solution in the oxygen evolution at 500 RPM  
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5. Discussion 
 
Free corrosion potential and polarization curve 
The free corrosion potential started to stabilize and reached a steady state value of 
approximately ≈ -690 mV (SCE).  
 
In both cases (uninhibited and inhibited solutions) as the Reynolds number (ReRCE) 
increases, ECorr also increases. This is consistent with the increased rate of the cathodic 
reduction reaction leading to a higher corrosion rate, and consequently polarization of the 
anodic reaction. 
 
Flow 
It can be seen in Figure 4.5 the cathodic polarization curves have a limiting current density 
within the potential range of about -1000 to -800 mV for a given rotation rate, because the 
process is limited by mass transport. This figure shows that at a constant potential value (E) 
the measured values of current density increase as the rotation rate of the RCE increases. 
This is because that a diffusion process is taking place to the RCE surface.  
 
The transition from laminar to turbulent flow occurred at or slightly above 25 RPM and that 
can be seen from the “kink” in the plot shown in Figure 4.7. This is in a good agreement 
with results of earlier work presented by Silverman [45] who stated that the transition from 
laminar to turbulent occurred at ReRCE ≈ 200 (equivalent to 20 RPM).  
 
The good correlation (close match) of the measured and calculated mass transfer 
coefficients (Figure 4.8) gives confidence in the mass transport analysis. It is possible to 
suggest from that the mass transfer coefficients which are represented by both measured 
and calculated is flow dependent, because both mass transfer coefficients increase with the 
increase of rotation speed. This dependence agrees fairly well with the conclusions of 
Galvan-Martinez el al., [151].   
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EN analysis 
Time domain analysis 
Figure 5.1 shows a time record of 100 seconds for the detrended potential using two 
different sampling rates.  
 
 
 
Figure 5.1 Comparison of time records of hydrogen evolution 
process using two different sampling rates (a) 1Hz  (b) 1kHz 
a) 
b) 
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For comparison the potential was recorded of two different sampling rates (1Hz and 1 kHz) 
and the results interpreted and compared. The recorded data for 1 kHz was decimated 
(reducing data points) using a decimating factor of 1000. The transients of the two time 
record plots (Figure 5.1) have a similar shape. In both figures as the rotation speed was 
increased gradually, potential transients started to develop. Even though two different 
sampling rates were applied, similar behaviour was achieved. 
 
The EN amplitude was very low for the stationary condition and at very low rotation rates 
(laminar regime), the amplitude increases with the speed of rotation. Transients started to 
develop at higher rotation speeds (≈ 30 RPM) this is in accordance with earlier work by 
Nesic et al., [152], who stated that the transitional Reynolds number around a rotating 
cylinder is around 200 when the flow changes from laminar to turbulent.  
 
According the to time records of the hydrogen evolution and oxygen reduction processes 
the change in rotation speed significantly influenced the characteristics of the measured EN 
and this is in accordance with Hong et al., Malo et al., and Huet and Nogueira [153-155]. 
 
Legat [156] measured EN in 0.5% NaCl solution for low rotation speeds (laminar flow) and 
concluded that there was insignificant influence of speed on the characteristics of the 
measured EN. On the other hand when a relatively high velocity was reached 
(approximately 40mm/s) the effect of fluid flow became visible; thereafter with further 
increase of electrolyte velocity the measured EN signals stayed unchanged. These 
observations are in good agreement with the results obtained here in the case of free 
corrosion measurements. Figure 4.17 show that at intermediate rotation speeds (30-47mm/s) 
the fluid flow clearly affects the characteristics of the measured EN, whereas at higher 
velocities the characteristics of EN did not change.  
Potential-time records for inhibited solution (0.1M NaCl + 0.1M NaNO2) revealed 
insignificant effect on the characteristics of the EN signals, this can be explained by the 
inhibition process (film) on the RCE surface that hindered the corrosion process. 
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Figure 5.2 shows a comparison of the four processes: hydrogen evolution (HE), oxygen 
reduction (OR), free corrosion, free corrosion (OCP) and inhibited solution (INH) for 
laminar flow (10 RPM) and turbulent flow (1000 RPM). 
 
 
 
Figure 5.2 Potential recorded for hydrogen evolution, oxygen reduction, 
 free corrosion and inhibited solution at  (a) 10 RPM (b) 1000 RPM 
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INH 
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It is clear from Figure 5.2(a) that at 10 RPM (laminar flow) all four processes has similar 
behaviour and flow has a negligible effect. However, at the higher rotation speed 1000 
RPM (turbulent flow) the effect of flow was significant, especially in the case of the 
hydrogen evolution and oxygen reduction processes. The large amplitude variation of the 
oxygen reduction process is attributed to the influence of turbulent eddies that caused large 
fluctuations in mass transport. However the insignificant effect of the flow in case of 
inhibited solution is related to the passivity of the electrode.  
  
Frequency domain analysis 
Instrument noise  
In order to check the significance of instrument noise compared with the signal received 
from each of the four processes investigated, the polarization resistance (Rp) of each 
process was estimated and the observed spectrum compared with instrument noise 
spectrum of the closest resistance. 
 
For the hydrogen evolution process using the applied current with the Stern-Geary equation 
Rp was calculated as: 
 
corr
P i
BR =         5-1 
Where; 
 B = 52 mV 
 icorr ≈ applied current (mA) 
 
The required current densities for the hydrogen evolution process (see Chapter 3) under 
stationary conditions and at 1000 RPM are 1.16mA/cm2 and 2.60 mA/cm2, respectively. So 
the equivalent applied current would be 3.5mA and 7.8 mA, respectively and RP would be 
15 Ω and 7Ω, respectively. It is important to take note from Figure 4.22 that low resistors 
of less than 1kΩ produce similar amplitude of noise level in the high frequency range. As a 
result the estimated instrument noise PSD in the high frequency plateau for resistors of 1kΩ 
or less, is approximately 10-12V2Hz-1.  
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For the free corrosion potential it is assumed that icorr ≈ applied current (mA) for oxygen 
reduction, and Equation 5-1 is used to calculate RP following same procedure as above (i.e. 
B =52 mV). The applied currents for 0 and 1000 RPM are 0.1085mA and 2.5 mA, 
respectively. The estimated values of RP, estimated instrument noise PSD and observed 
PSD in the high frequency region are tabulated in Table 5-1. 
 
 
Condition RPM Estimated 
RP (Ω) 
Estimated 
instrument noise 
PSD (V2Hz-1) 
Observed 
PSD (V2Hz-1) 
 
0 15 5×10-13 5×10-11 Hydrogen 
evolution 1000 7 5×10-13 5×10-10 
0 1 MΩ 10-11 5×10-12 Oxygen   
Reduction 1000 1 MΩ 10-11 5×10-12 
0 470 5×10-13 10-10 Free corrosion 
potential 1000 20 5×10-13 10-10 
0 10 kΩ 10-12 5×10-11 Inhibited    
solution 1000 10 kΩ 10-12 5×10-11 
 
In the case of oxygen reduction, it is expected that the RP will be high, so 1 MΩ was chosen. 
For the inhibited condition, the RP of 10 kΩ was used to estimate the instrument noise PSD. 
 
The estimated instrument noise PSD and the observed PSD for the oxygen reduction and 
inhibited processes are quite similar but there is a slight difference in the cases of hydrogen 
evolution and free corrosion potential. However, the noise amplitude in the high frequency 
range is considered to be produced by instrument.  
 
4.3.2.2. Brush Noise  
In order to reduce any noise contributed by the brushes, the top two brushes were used to 
supply current and the bottom two to measure the RCE potential. The low brush noise level 
at 1000 RPM confirms that the brushes make an insignificant contribution to the noise in 
the measurement system. Figure 5.3 shows the brush noise level under stationary 
Table 5.1 Estimated RP of different processes at different hydrodynamic conditions 
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conditions, at 10 RPM and at 1000 RPM. It can be seen from Figure 5.3 that the PSD of the 
three conditions overlap and have much the same noise level regardless of whether 
stationary or rotating. 
 
 
Figure 5.3 Brush noise level for stationary conditions and at 10 RPM and 1000 RPM  
 
It can also be seen form Figure 5.3 that when stationary or rotating at very low speeds the 
bush noise was negligible. At the higher rotation speed (1000 RPM) it is possible that some 
of the spikes encountered were due to the rotation frequency (fR≈16.67Hz) and its 
harmonics.  
 
Hydrogen evolution PSD 
The influence of electrode rotation was investigated by Benzaїd et al., [157] who measured 
the PSD for 500 RPM and compared it to the PSD measured for 0 RPM. Using the same 
current density (-50 mA/cm2), the PSD amplitude was higher (below 20 Hz) when rotating 
at 500 RPM compared to that of 0 RPM. Figure 5.4 illustrates the comparison of the PSD 
fluctuations induced by gas evolution on cylindrical carbon steel electrode.  
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Figure 5.4 PSD for carbon steel electrode exposed to de-aerated 0.5M H2SO4 
solution at a current density of -50 mA/cm2 (a) 0 RPM (b) 500 RPM  
(from [157]) 
 
Figure 5.5 shows the power spectra of potential noise for the hydrogen evolution process at 
0 and 500 RPM. It should be noticed that the high frequency plateau (above about 20Hz) is 
due to instrument noise and/or quantization noise. Also the spikes that appear in the power 
spectra are believed to be formed by the data acquisition system as they were also observed 
in case of the resistor dummy cell measurements. It should be noticed from Figure 5.5 that 
the electrochemical noise exhibits constant amplitude (plateau) at 500 RPM compared to 
that 0 RPM over the low frequency range, and this plateau has a gradient of approximately 
-4 on the log-log axis. 
At 500 RPM, even though the cut-off frequencies (knee frequencies) were similar, the 
lower frequency plateau is 10-8 V2H-1 (Figure 5.4) and is 10-6 V2H-1 (Figure 5.5); this 
difference is believed to be attributed to the differences in the cylindrical electrodes surface 
area and to the different used test solutions.  
 However it is possible that the changes in behaviour may be associated with changes in the 
bubble nucleation, growth and separation processes. This can be explained as follows: with 
(a) 
(b) 
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slow rotation speed many bubbles when rising did not drag other bubbles with them. In 
contrast at higher rotation speeds all large bubbles will be eliminated by the ejection forces.    
 
 
Figure 5.5 PSD for mild steel exposed to 0.1M NaCl 
solution in hydrogen evolution conditions (-1250 mV)  
 
Some parameters such as roll-off and knee frequency of different conditions are tabulated 
in Table 5-2. 
 
 
Process Rotation speed 
(RPM) 
Roll-off  slope 
 
Knee frequency 
(Hz) 
50 -4.5 0.2 
100 -3.5 0.35 
500 -4 2 
 
Hydrogen evolution 
 
 1000 -3 3 
50 -3.5 0.35 
100 -3 0.5 
500 -2 1.8 
 
Oxygen reduction 
 
1000 -2 3 
Free corrosion potential 50 -3 0.2 
Table 5.2 Characteristic parameters calculated from EN PSDs  
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Figure 5.6 shows the knee frequency versus the rotation speeds of the RCE for the 
hydrogen evolution regime. It is clear that the knee frequency increases with the rotation 
rate. Over the range of speeds investigated a monotonic and approximately linear relation 
can be observed between knee frequency and RPM.  
 
 
y = 0.0042x0.9655
R2 = 0.9861
0.1
1
10
10 100 1000 10000
Speed of rotation of the RCE (RPM)
K
n
ee
 
fr
eq
u
en
cy
 
(H
z)
 
Figure 5.6 Knee frequency as a function of rotation 
speed for the hydrogen evolution process 
 
It is clear that knee frequency increases with the rotation rate increment and a linear 
correlation can be observed. There are no certain explanations of this correlation and more 
data points are needed in the turbulent flow regime to confirm this linear correlation. 
 
Oxygen reduction PSD 
Figure 5.7 shows the power spectral density for the RCE potential for the oxygen reduction 
condition (cathodic reaction) under stationary conditions, 500 RPM and 1000 RPM. Similar 
behaviour to that observed above in the case of hydrogen evolution regime was observed. 
At higher rotation speeds (500 RPM and 1000 RPM) the low frequency plateau with a 
sharp roll-off at higher frequency is ascribed to the influence of turbulent eddies that 
generate large short term fluctuations in the mass transport.  
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Hladky and Dawson [93] thought that the small roll-off slope of -2 or less resulted from 
pitting, while general corrosion exhibits spectra with slopes of -4. It should be noticed that 
other work [158] showed an opposite conclusion; therefore the relationship between the 
roll-off slope and the corrosion types is still open to discussion.  
 
 
Figure 5.7 Potential PSD for oxygen reduction process under static, 500 and 1000 RPM 
 
This study supported neither the above mentioned conclusions as different ranges of roll-off 
slopes (-2 to -4.5) were detected at conditions where none of the corrosion types were 
present. So it is assumed that the roll-off slopes characterize the features of electrochemical 
noise generated during electrolyte flow. In both cases (hydrogen evolution and oxygen 
reduction processes) the low frequency plateau at higher rotation speeds are independent of 
flow velocity.  
 
A plot of the estimated knee frequency from the PSDs (Table 5-2) of the oxygen reduction 
as a function of rotation speeds is illustrated in Figure 5.8.  Once again a monotonic and 
approximately linear relation is observed.  
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Figure 5.8 Knee frequency as a function of rotation 
speed for the oxygen reduction condition 
 
Thus, if a corrosion process is limited by mass transport, it is expected that the limiting 
current density will vary linearly with the rotation speeds raised to the 0.7 power (the power 
law). From Figure 5.8 it is clear that knee frequency varied linearly with the rotation speeds 
raised to the power of ≈ 0.73. It is interesting to note the achieved n ≈ 0.73 in the oxygen 
reduction regime could be related to full mass-transfer control to or from the RCE. As it 
was mentioned earlier more data points are required to confirm this behaviour. 
 
Free corrosion potential PSD 
Figure 5.9 demonstrates the power spectral density for the RCE potential under free 
corrosion potential conditions for 0 RPM, 100 RPM and 1000 RPM. The occurrence of 
pitting can be seen from the optical micrograph (Figure 4.31 (b). It is believed that the 
spikes detected in the low frequency range were generated by the initiation of these pits.  
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Figure 5.9 Potential PSD for free corrosion potential under 0 RPM, 100 RPM 
 and 1000 RPM 
 
Iverson [103] measured potential fluctuations between a platinum and mild steel electrodes 
and claimed that mild steel showed amplitudes of 50-60µV at a frequency between 0.2-
0.6Hz. In addition the results reported by Legat [94] are in accordance with this study for 
stationary conditions and low rotation rates (where general corrosion is expected), there are 
some spikes at frequencies less than 1Hz (0.2-0.7Hz), which are believed to be related to 
the rate of reaction.  
 
As mentioned in Chapter 4, in the lower frequency region (less than 1 Hz) there was an 
increase of the amplitude of PSD at intermediate rotation speeds that can be explained 
according to the following relationship: 
)()()( fZfnIfnE ×=        (5-2) 
Where; 
 En = Potential noise (V) 
 In = Current noise (A) 
 Z = Impedance (Ω) 
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In this case as the corrosion rate (iCorr) increases expect the Impedance (Z) to decrease. 
• Low rotation speeds (laminar), In is small so En is also small. 
• At intermediate rotation speeds (turbulent), In is larger so En larger. 
• At high rotation speeds, In larger, but Z reduced so En not so large. 
 
Inhibited solution PSD 
Iverson [103] investigated the influence of fluid flow on the characteristics of the 
fluctuations in potential obtained using a mild steel electrode at open circuit potential. He 
concluded that the fluctuations were related to the corrosion reaction process and that the 
fluctuations disappeared when measurements were performed in inhibited solutions. In this 
study when inhibited solution was used the effect of rotation speed (50, 500 and 1000 RPM) 
on the PSD was very limited, see (Figure 5.10), which is in accordance with what Iverson 
concluded earlier. 
 
 
 
Figure 5.10 Potential PSD for RCE exposed to inhibited solution (0.1M NaCl + 0.1M 
NaNO2) free corrosion potential under 0, 100 and 1000 RPM 
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Legat [156] assumed that the frequent spikes in the EN were generated only in the case of 
strong fluid flow and these spikes disappeared in passive environments. They observed that 
for both stirred and at laminar flow conditions, the characteristics of measured EN signals 
remained unchanged. 
According to Mendoza-Flores et al., [71] the increase of the inhibitor efficiency as result of 
the flow turbulence increase was associated with a better coverage of the electrode surface 
caused by an increased migration of the inhibitor towards the electrode surface and 
therefore a decrease of icorr. 
 
In this study a similar behaviour was achieved as the amplitudes of the PSD at higher 
rotation speeds 500 and 1000 RPM (Figure 5.10) were lower than at 0 RPM. The 
immersion time was relatively short which results in initially irregular protective layer on 
the electrode surface caused by the nitrite inhibitor, which acted as an oxidizer. 
This layer on the electrode surface partially protected the surfaces of the two examined 
specimens under two different hydrodynamic conditions as can be seen from the unaffected 
surfaces (Figure 4.32). The limited influence at all rotation ranges is most likely due to the 
passive nature of the electrode surface that leads to the low current of the anodic reaction. 
Moreover the cathodic reaction was under activation control or mixed control so that the 
cathodic current was less affected by fluctuations in mass transport. 
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6. Conclusion 
 
The transfer from laminar to turbulent flow occurred at Re ≈ 200 (equivalent to 20 RPM). 
 
Flow influences on the measured electrochemical noise (EN) at higher frequencies can only 
be assessed fully by using higher sampling rates (1 kHz). 
  
Under static and at low rotation speed (i.e. laminar flow) a negligible effect of flow on EN 
was encountered, while turbulent flow showed a significant influence on the potential 
fluctuations for both oxygen reduction and hydrogen evolution cathodic reactions. 
 
The noise spectra for the cathodic reactions at higher rotation speed took the form of a 
lower frequency plateau with a sharp roll-off at higher frequency, with increasing knee 
frequency as the rotation rate increased. In the case of hydrogen evolution the cause is 
unclear, while for the oxygen reduction this was attributed to the influence of turbulent 
eddies in producing large short term fluctuations in mass transport. 
 
Relatively little effect was observed in the case of uninhibited solution in free corrosion 
conditions with exception of intermediate rotation rates, where a moderate increase in PSD 
was observed.  This was attributed to the corroding electrode low impedance, and a lack of 
flow sensitivity of the anodic reaction to flow influences. 
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The limited influence at all rotation ranges in inhibited solution is most likely due to the 
passive nature of the electrode surface that leads to the low current of the anodic reaction. 
Moreover the cathodic reaction was under activation control or mixed control so that the 
cathodic current was less affected by fluctuations in mass transport 
 
For both oxygen reduction and hydrogen evolution cathodic reactions the low frequency 
plateau with a sharp roll-off at higher rotation speeds are independent of flow velocity. A 
monotonic and approximately linear relation between the knee frequency and rotation 
speeds (RPM) was observed in both oxygen reduction and hydrogen evolution processes. In 
the case of oxygen reduction at turbulent flow regime this could be ascribed to full mass-
transfer control, while considered being unclear for the hydrogen evolution process.  
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7. Further work 
 
There are some recommendations for further work that can be carried out on both the 
experimental and analysis parts. 
 
On the experimental part it is suggested to investigate the influence of flow on the 
measured electrochemical noise that associated with the anodic reaction, even though there 
will be problems associated with metal dissolution and consequently modification of the 
surface roughness.   
 
Also further investigations could be carried out using special set up for the rotating cylinder 
electrode (RCE) in order to measure simultaneously the current and potential fluctuations.  
 
It is recommended to use a higher resolution DAC device in order to sample at higher rates 
and be able to check the influence of high speed rotations and their dependency of flow. 
 
Finally it is recommended to use some other tools of EN analysis such as statistical, chaos 
and wavelet for better interpretation and for the sake of results comparison. 
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Appendices 
 Appendix I 
This section includes a CD contains the sets of the electrochemical noise data that had been 
measured during this study.  
 
 
Appendix II 
This section includes various programs that have been used in EN measurements and data 
analysis. 
• Labview programs: 
• Matlab programs 
 
• The Labview program used for acquiring and recording EN data. 
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• The Matlab program used for the electrochemical noise (EN) data analysis. 
 Time domain analysis  
• Matlab program to construct time records plots of 4 processes at 7 different rotation 
speeds of 1 second period. 
% time record plot for 1 second period 
close all 
fs=1000; 
st=fs*1800; 
ln=1000; 
T=zeros([ln 1]); 
   
for n=1:ln 
    T(n)=n/fs; 
end 
  
for n=1:4 
    switch n 
        case 1 
            ttl = 'hydrogen evolution'; 
            Filepath='E:\EN data\HE data\'; 
            fnameA='0rpm_hyd_evo_2b.txt'; stA = '0 rpm'; 
            fnameB='10rpm_hyd_evo.txt'; stB = '10 rpm'; 
            fnameC='20rpm_hyd_evo_2.txt'; stC = '20 rpm'; 
            fnameD='50rpm_hyd_evo_2.txt'; stD = '50 rpm'; 
            fnameE='HE100rpm.txt'; stE = '100 rpm'; 
            fnameF='500rpm_hyd_evo_2.txt'; stF = '500 rpm'; 
            fnameG='1000rpm_hyd_evo_2.txt'; stG = '1000 rpm'; 
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            sep=0.005; 
  
        case 2 
            ttl = 'oxygen reduction'; 
            Filepath='E:\EN data\OR data\'; 
            fnameA='0rpm_oxy_red_b.txt'; stA = '0 rpm'; 
            fnameB='10rpm_oxy_red_a.txt'; stB = '10 rpm'; 
            fnameC='20rpm_oxy_red.txt'; stC = '20 rpm'; 
            fnameD='50rpm_oxy_red.txt'; stD = '50 rpm'; 
            fnameE='OR_100rpm.txt'; stE = '100 rpm'; 
            fnameF='OR_500rpm.txt'; stF = '500 rpm'; 
            fnameG='OR_1000rpm.txt'; stG = '1000 rpm'; 
            sep=0.02; 
  
        case 3 
            ttl = 'free corrosion'; 
            Filepath='E:\EN data\OCP data\'; 
            fnameA='ocp20rpm.txt';stA = '0 rpm'; 
            fnameB='10rpm_ocp_1.txt';stB = '10 rpm'; 
            fnameC='20rpm_ocp_1.txt';stC = '20 rpm'; 
            fnameD='2OCP50rpm.lvm';stD = '50 rpm'; 
            fnameE='100rpm_ocp_1.txt';stE = '100 rpm'; 
            fnameF='500rpm_ocp_2.txt';stF = '500 rpm'; 
            fnameG='ocp1000rpm.txt';stG = '1000 rpm'; 
  
            sep=0.005; 
  
        case 4 
            ttl='inhibited'; 
            Filepath='E:\EN data\INH 0.1 M data\'; 
            fnameA='3INH0rpmb.lvm'; stA = '0 rpm'; 
            fnameB='3INH10rpma.lvm'; stB = '10 rpm'; 
            fnameC='3INH20rpm.lvm'; stC = '20 rpm'; 
            fnameD='3INH50rpm.lvm'; stD = '50 rpm'; 
            fnameE='3INH100rpm.lvm'; stE = '100 rpm'; 
            fnameF='3INH500rpm.lvm'; stF = '500 rpm'; 
            fnameG='3INH1000rpm.lvm'; stG = '1000 rpm'; 
            sep=0.005; 
  
    end; 
    A=dlmread([Filepath fnameA],'',1,1); 
    B=dlmread([Filepath fnameB],'',1,1); 
    C=dlmread([Filepath fnameC],'',1,1); 
    D=dlmread([Filepath fnameD],'',1,1); 
    E=dlmread([Filepath fnameE],'',1,1); 
    F=dlmread([Filepath fnameF],'',1,1); 
    G=dlmread([Filepath fnameG],'',1,1); 
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    % now reduce array to 1000 elements 
    A = A(st:st+ln-1); 
    B = B(st:st+ln-1); 
    C = C(st:st+ln-1); 
    D = D(st:st+ln-1); 
    E = E(st:st+ln-1); 
    F = F(st:st+ln-1); 
    G = G(st:st+ln-1); 
     
    A=detrend(A); 
    B=detrend(B); 
    C=detrend(C); 
    D=detrend(D); 
    E=detrend(E); 
    F=detrend(F); 
    G=detrend(G); 
  
    figure; 
    set(gcf,'DefaultAxesFontSize',12) 
    set(gcf,'DefaultTextFontSize',12) 
    % plot the time records 
    % plot them separately to avoid having to construct arrays for the x-axis 
    plot(T,A+sep,'-b',T,B+(sep*2),'-g',T,C+(sep*3),'-r',T,D+(sep*4),'-c',T,E+(sep*5),'-
m',T,F+(sep*6),'-y',T,G+(sep*7),'-k'); 
        
    xlabel('Time / s'); 
    ylabel(' Detrended Potential / V'); 
    title(ttl) 
    legend(stA,stB,stC,stD,stE,stF,stG,2,'Location','East'); 
end 
  
  
• Matlab program to construct time records plots of 4 processes at 7 different rotation 
speeds of decimated 60 seconds period. 
% time record plot for 60 seconds period 
close all 
  
dec_factor=60; 
fs=1000/dec_factor; 
st=1800000/dec_factor; 
ln=1000; 
  
T=zeros([ln 1]); 
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for n=1:ln 
    T(n)=n/fs; 
end 
  
for n=1:4 
    switch n 
        case 1 
            ttl = 'hydrogen evolution'; 
            Filepath='D:\HE data\'; 
            fnameA='0rpm_hyd_evo_2b.txt'; stA = '0 rpm'; 
            fnameB='10rpm_hyd_evo.txt'; stB = '10 rpm'; 
            fnameC='20rpm_hyd_evo_2.txt'; stC = '20 rpm'; 
            fnameD='HE50rpm.txt'; stD = '50 rpm'; 
            fnameE='HE100rpm.txt'; stE = '100 rpm'; 
            fnameF='HE500rpm.txt'; stF = '500 rpm'; 
            fnameG='HE1000rpm.txt'; stG = '1000 rpm'; 
            sep=0.005; 
  
        case 2 
            ttl = 'oxygen reduction'; 
            Filepath='D:\OR data\'; 
            fnameA='0rpm_oxy_red_b.txt'; stA = '0 rpm'; 
            fnameB='10rpm_oxy_red_a.txt'; stB = '10 rpm'; 
            fnameC='20rpm_oxy_red.txt'; stC = '20 rpm'; 
            fnameD='50rpm_oxy_red.txt'; stD = '50 rpm'; 
            fnameE='200rpm_oxy_red_2.txt'; stE = '100 rpm'; 
            fnameF='OR_500rpm.txt'; stF = '500 rpm'; 
            fnameG='OR_1000rpm.txt'; stG = '1000 rpm'; 
            sep=0.02; 
  
        case 3 
            ttl = 'free corrosion'; 
            Filepath='D:\OCP data\'; 
            fnameA='0rpm_ocp_1.txt'; stA = '0 rpm'; 
            fnameB='ocp10rpm.txt'; stB = '10 rpm'; 
            fnameC='ocp20rpm.txt'; stC = '20 rpm'; 
            fnameD='50rpm_ocp_1.txt'; stD = '50 rpm'; 
            fnameE='ocp100rpm.txt'; stE = '100 rpm'; 
            fnameF='ocp500rpm.txt'; stF = '500 rpm'; 
            fnameG='ocp1000rpm.txt'; stG = '1000 rpm'; 
  
            sep=0.005; 
  
        case 4 
            ttl='inhibited'; 
            Filepath='D:\INH 0.1 M data\'; 
            fnameA='3INH0rpmb.lvm'; stA = '0 rpm'; 
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            fnameB='3INH10rpma.lvm'; stB = '10 rpm'; 
            fnameC='3INH20rpm.lvm'; stC = '20 rpm'; 
            fnameD='2INH_0_1M_50rpm.lvm'; stD = '50 rpm'; 
            fnameE='3INH100rpm.lvm'; stE = '100 rpm'; 
            fnameF='3INH500rpm.lvm'; stF = '500 rpm'; 
            fnameG='3INH1000rpm.lvm'; stG = '1000 rpm'; 
            sep=0.005; 
  
    end; 
    A=dlmread([Filepath fnameA],'',1,1); 
    B=dlmread([Filepath fnameB],'',1,1); 
    C=dlmread([Filepath fnameC],'',1,1); 
    D=dlmread([Filepath fnameD],'',1,1); 
    E=dlmread([Filepath fnameE],'',1,1); 
    F=dlmread([Filepath fnameF],'',1,1); 
    G=dlmread([Filepath fnameG],'',1,1); 
  
    A=decimate(A,10); 
    A=decimate(A,6); 
    B=decimate(B,10); 
    B=decimate(B,6); 
    C=decimate(C,10); 
    C=decimate(C,6); 
    D=decimate(D,10); 
    D=decimate(D,6); 
    E=decimate(E,10); 
    E=decimate(E,6); 
    F=decimate(F,10); 
    F=decimate(F,6); 
    G=decimate(G,10); 
    G=decimate(G,6); 
     
    % now reduce array to 1000 elements 
    A = A(st:st+ln-1); 
    B = B(st:st+ln-1); 
    C = C(st:st+ln-1); 
    D = D(st:st+ln-1); 
    E = E(st:st+ln-1); 
    F = F(st:st+ln-1); 
    G = G(st:st+ln-1); 
     
    A=detrend(A); 
    B=detrend(B); 
    C=detrend(C); 
    D=detrend(D); 
    E=detrend(E); 
    F=detrend(F); 
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    G=detrend(G); 
     
  
    figure; 
set(gcf,'DefaultAxesFontSize',12) 
set(gcf,'DefaultTextFontSize',12) 
    % plot the time records 
    % plot them separately to avoid having to construct arrays for the x-axis 
    plot(T,A+sep,'-b',T,B+(sep*2),'-g',T,C+(sep*3),'-r',T,D+(sep*4),'-c',T,E+(sep*5),'-
m',T,F+(sep*6),'-y',T,G+(sep*7),'-k'); 
        
    xlabel('Time / s'); 
    ylabel(' Detrended Potential / V'); 
    title(ttl) 
    legend(stA,stB,stC,stD,stE,stF,stG,2,'Location','East'); 
end 
  
  
• Matlab program to construct time records plots of 4 processes at 7 different rotation 
speeds of decimated 1 hour period. 
% time record plot for 1 hour period 
close all 
dec_factor=1000; 
fs=1000/dec_factor; 
st=5; 
ln=975; 
  
T=zeros([ln 1]); 
   
for n=1:ln 
    T(n)=n/fs; 
end 
  
for n=1:4 
    switch n 
        case 1 
            ttl = 'hydrogen evolution'; 
            Filepath='D:\HE data\'; 
            fnameA='0rpm_hyd_evo_2b.txt'; stA = '0 rpm'; 
            fnameB='10rpm_hyd_evo.txt'; stB = '10 rpm'; 
            fnameC='20rpm_hyd_evo_2.txt'; stC = '20 rpm'; 
            fnameD='HE50rpm.txt'; stD = '50 rpm'; 
            fnameE='HE100rpm.txt'; stE = '100 rpm'; 
            fnameF='HE500rpm.txt'; stF = '500 rpm'; 
            fnameG='HE1000rpm.txt'; stG = '1000 rpm'; 
            sep=0.005; 
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        case 2 
            ttl = 'oxygen reduction'; 
            Filepath='D:\OR data\'; 
            fnameA='0rpm_oxy_red_b.txt'; stA = '0 rpm'; 
            fnameB='10rpm_oxy_red_a.txt'; stB = '10 rpm'; 
            fnameC='20rpm_oxy_red.txt'; stC = '20 rpm'; 
            fnameD='50rpm_oxy_red.txt'; stD = '50 rpm'; 
            fnameE='200rpm_oxy_red_2.txt'; stE = '100 rpm'; 
            fnameF='OR_500rpm.txt'; stF = '500 rpm'; 
            fnameG='OR_1000rpm.txt'; stG = '1000 rpm'; 
            sep=0.02; 
  
        case 3 
            ttl = 'free corrosion'; 
             Filepath='D:\OCP data\'; 
            fnameA='0rpm_ocp_1.txt'; stA = '0 rpm'; 
            fnameB='ocp10rpm.txt'; stB = '10 rpm'; 
            fnameC='ocp20rpm.txt'; stC = '20 rpm'; 
            fnameD='50rpm_ocp_2.txt'; stD = '50 rpm'; 
            fnameE='ocp100rpm.txt'; stE = '100 rpm'; 
            fnameF='ocp500rpm.txt'; stF = '500 rpm'; 
            fnameG='ocp1000rpm.txt'; stG = '1000 rpm'; 
  
            sep=0.005; 
  
        case 4 
            ttl='inhibited'; 
            Filepath='D:\INH 0.1 M data\'; 
            fnameA='3INH0rpmb.lvm'; stA = '0 rpm'; 
            fnameB='3INH10rpma.lvm'; stB = '10 rpm'; 
            fnameC='3INH20rpm.lvm'; stC = '20 rpm'; 
            fnameD='2INH_0_1M_50rpm.lvm'; stD = '50 rpm'; 
            fnameE='3INH100rpm.lvm'; stE = '100 rpm'; 
            fnameF='3INH500rpm.lvm'; stF = '500 rpm'; 
            fnameG='3INH1000rpm.lvm'; stG = '1000 rpm'; 
            sep=0.005; 
  
    end; 
    A=dlmread([Filepath fnameA],'',1,1); 
    B=dlmread([Filepath fnameB],'',1,1); 
    C=dlmread([Filepath fnameC],'',1,1); 
    D=dlmread([Filepath fnameD],'',1,1); 
    E=dlmread([Filepath fnameE],'',1,1); 
    F=dlmread([Filepath fnameF],'',1,1); 
    G=dlmread([Filepath fnameG],'',1,1); 
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A=decimate(A,8); 
A=decimate(A,5); 
A=decimate(A,5); 
A=decimate(A,5); 
  
B=decimate(B,8); 
B=decimate(B,5); 
B=decimate(B,5); 
B=decimate(B,5); 
  
C=decimate(C,8); 
C=decimate(C,5); 
C=decimate(C,5); 
C=decimate(C,5); 
  
D=decimate(D,8); 
D=decimate(D,5); 
D=decimate(D,5); 
D=decimate(D,5); 
  
E=decimate(E,8); 
E=decimate(E,5); 
E=decimate(E,5); 
E=decimate(E,5); 
  
F=decimate(F,8); 
F=decimate(F,5); 
F=decimate(F,5); 
F=decimate(F,5); 
  
G=decimate(G,8); 
G=decimate(G,5); 
G=decimate(G,5); 
G=decimate(G,5); 
     
    % now reduce array to 1000 elements 
    A = A(st:st+ln-1); 
    B = B(st:st+ln-1); 
    C = C(st:st+ln-1); 
    D = D(st:st+ln-1); 
    E = E(st:st+ln-1); 
    F = F(st:st+ln-1); 
    G = G(st:st+ln-1) 
     
    A=detrend(A); 
    B=detrend(B); 
    C=detrend(C); 
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    D=detrend(D); 
    E=detrend(E); 
    F=detrend(F); 
    G=detrend(G); 
    
    figure; 
set(gcf,'DefaultAxesFontSize',12) 
set(gcf,'DefaultTextFontSize',12) 
    % plot the time records 
    % plot them separately to avoid having to construct arrays for the x-axis 
    plot(T,A+sep,'-b',T,B+(sep*2),'-g',T,C+(sep*3),'-r',T,D+(sep*4),'-c',T,E+(sep*5),'-
m',T,F+(sep*6),'-y',T,G+(sep*7),'-k'); 
        
    xlabel('Time / s'); 
    ylabel(' Detrended Potential / V'); 
    title(ttl) 
    legend(stA,stB,stC,stD,stE,stF,stG,2,'Location','East'); 
end 
 
 
 Frequency domain analysis  
• Power spectra density (PSD) plots of 4 processes at 7 different rotation speeds. 
close all 
fs=1000; 
  
for n=1:4 
    switch n 
        case 1 
             ttl = 'hydrogen evolution'; 
            Filepath='D:\HE data\'; 
            fnameA='0rpm_hyd_evo_2b.txt'; stA = '0 rpm'; 
            fnameB='HE10rpm.txt'; stB = '10 rpm'; 
            fnameC='20rpm_hyd_evo_2.txt'; stC = '20 rpm'; 
            fnameD='HE50rpm.txt'; stD = '50 rpm'; 
            fnameE='HE100rpm.txt'; stE = '100 rpm'; 
            fnameF='HE500rpm.txt'; stF = '500 rpm'; 
            fnameG='HE1000rpm.txt'; stG = '1000 rpm'; 
           
        case 2 
            ttl = 'oxygen reduction'; 
            Filepath='D:\OR data\'; 
           fnameA='OR_0rpm.txt'; stA = '0 rpm'; 
            fnameB='OR_10rpm.txt'; stB = '10 rpm'; 
            fnameC='OR_20rpm.txt'; stC = '20 rpm'; 
            fnameD='OR_50rpm.txt'; stD = '50 rpm'; 
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            fnameE='OR_100rpm.txt'; stE = '100 rpm'; 
            fnameF='OR_500rpm.txt'; stF = '500 rpm'; 
            fnameG='OR_1000rpm.txt'; stG = '1000 rpm'; 
        
        case 3 
            ttl = 'free corrosion'; 
            Filepath='D:\OCP data\'; 
            fnameA='0rpm_ocp_1.txt'; stA = '0 rpm'; 
            fnameB='ocp10rpm.txt'; stB = '10 rpm'; 
            fnameC='ocp20rpm.txt'; stC = '20 rpm'; 
            fnameD='ocp50rpm.txt'; stD = '50 rpm'; 
            fnameE='ocp100rpm.txt'; stE = '100 rpm'; 
            fnameF='ocp500rpm.txt'; stF = '500 rpm'; 
            fnameG='ocp1000rpm.txt'; stG = '1000 rpm'; 
         
        case 4 
            ttl='inhibited'; 
            Filepath='D:\INH 0.1 M data\'; 
            fnameA='3INH0rpmb.lvm'; stA = '0 rpm'; 
            fnameB='3INH10rpma.lvm'; stB = '10 rpm'; 
            fnameC='3INH20rpm.lvm'; stC = '20 rpm'; 
            fnameD='3INH50rpm.lvm'; stD = '50 rpm'; 
            fnameE='3INH100rpm.lvm'; stE = '100 rpm'; 
            fnameF='3INH500rpm.lvm'; stF = '500 rpm'; 
            fnameG='3INH1000rpm.lvm'; stG = '1000 rpm'; 
        
          
    end; 
    A=dlmread([Filepath fnameA],'',1,1); 
    B=dlmread([Filepath fnameB],'',1,1); 
    C=dlmread([Filepath fnameC],'',1,1); 
    D=dlmread([Filepath fnameD],'',1,1); 
    E=dlmread([Filepath fnameE],'',1,1); 
    F=dlmread([Filepath fnameF],'',1,1); 
    G=dlmread([Filepath fnameG],'',1,1); 
  
    A=detrend(A); 
    B=detrend(B); 
    C=detrend(C); 
    D=detrend(D); 
    E=detrend(E); 
    F=detrend(F); 
    G=detrend(G); 
    
   % get the size of the arrays 
S=size(A); 
SA=S(1); 
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S=size(B); 
SB=S(1); 
S=size(C); 
SC=S(1); 
S=size(D); 
SD=S(1); 
S=size(E); 
SE=S(1); 
S=size(F); 
SF=S(1); 
S=size(G); 
SG=S(1); 
 
% create Hann windows for the FFT 
 
wwelch=hann(65536);  
wA=hann(SA); 
wB=hann(SB); 
wC=hann(SC); 
wD=hann(SD); 
wE=hann(SE); 
wF=hann(SF); 
wG=hann(SG); 
 
[PwA,fwA]=pwelch(A,wwelch,[],[],fs); 
[PwB,fwB]=pwelch(B,wwelch,[],[],fs); 
[PwC,fwC]=pwelch(C,wwelch,[],[],fs); 
[PwD,fwD]=pwelch(D,wwelch,[],[],fs); 
[PwE,fwE]=pwelch(E,wwelch,[],[],fs); 
[PwF,fwF]=pwelch(F,wwelch,[],[],fs); 
[PwG,fwG]=pwelch(G,wwelch,[],[],fs); 
  
% plot the pwelch on log-log axes 
figure; 
 set(gcf,'DefaultAxesFontSize',12) 
 set(gcf,'DefaultTextFontSize',12) 
loglog(fwA,PwA,fwB,PwB,fwC,PwC,fwD,PwD,fwE,PwE,fwF,PwF,fwG,PwG); 
xlabel('Frequency / Hz'); 
ylabel('PSD / V^2Hz^-^1'); 
title(ttl) 
legend('0 RPM','10 RPM','20 RPM','50 RPM','100 RPM','500 RPM','1000 RPM',2) 
     
end 
  
  
  
 
